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Deficiencies of zinc (Zn) and selenium (Se) are major causes of malnutrition-related health 
problems affecting the world’s population. The problem is most serious in developing countries 
such as Zambia because cereals, which are the principal source of calories, often have low 
micronutrient concentrations and other dietary sources of Zn and Se are limited. The problem may 
be exacerbated by low supplies of nitrogen (N) and sulphur (S) because they may play a role in 
the uptake and deposition of micronutrients in the grain. Soils in the major grain producing areas 
in Zambia have low N and Zn, while S deficiency is also widespread. In this scenario, grain 
nutrient concentrations and intakes of Zn and Se in Zambia are likely to be low. 
Little attention has been given to Se nutrition in Zambia largely because Se is not essential for 
plant growth. However, Se is an essential micronutrient for humans and animals and Se deficiency 
afflicts at least a billion people worldwide, especially in developing countries. There is evidence 
that many soils in Zambia are low in plant available Se and based on surveys from neighbouring 
countries, it is likely that the Se concentrations of grain are not high enough to meet consumption 
requirements of the population. 
Despite the important role of Se and Zn in human health, information on their concentration in the 
grain of crops in Zambia is limited. Two surveys were conducted to document the nutrient 
concentrations in the grain of maize and wheat grown and consumed in Zambia. One survey 
sampled grain from farms and the second was based on samples from the market place. All samples 
of maize (n=67) were deficient in S (median concentration=1030 mg/kg), while 75% were 
deficient in N (median concentration=1%) and 97% were deficient in Zn (median 
concentration=19 mg/kg). The survey of wheat was much smaller (n=6), but revealed moderate 
values of S (median concentration=1335 mg/kg) and Zn (median concentration=26 mg/kg) but 
adequate N (median concentration=2%). All the samples of both crops were very low in Se 
(median concentration=16 µg/kg in maize and 8µg/kg in wheat) and based on this an intake of 5 
µg Se per day per person was estimated. This is slightly lower than that obtained in Malawi (7 µg 
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Se per day per person) and much lower than the daily recommended intake of 50-70 µg Se per 
day. These low concentrations and intakes of Se and Zn are likely to be a health risk contributing 
to low resistance to infectious diseases and high mortality rates in Zambia which require measures 
to address the problem. 
Two growth room experiments were used to investigate the role of N and S on the vegetative and 
grain concentrations of N, S, Se and Zn in maize and wheat. Nitrogen application increased the 
vegetative yields and yields were higher when the N:S ratio was in balance. Sulphur and N 
nutrition enhanced dry matter and grain yield. No yield reductions were observed due to addition 
of Se applied as sodium selenate.  The concentrations of N, S, Se and Zn increased under adequate 
S application. Sulphur concentration was also strongly correlated with K and Mo concentrations, 
nutrients which were also deficient in the maize and wheat samples from Zambia. Selenium 
concentrations of above 300µg/kg (more than adequate to satisfy dietary requirements) were easily 
achieved with a low rate of Se of 0.02 mg/kg applied to the soil at planting.  The Zn concentration 
was significantly correlated with N in both experiments and with S in the vegetative tissue in 
maize, while there was also a significant positive correlation between S and Se in maize.  These 
results suggest that N and S may have a role in Zn and Se uptake and remobilisation from the 
vegetative parts to the grain. 
These studies showed that not only is maintaining a sufficient amount of plant available Se and Zn 
in the soils a pre-requisite to ensure sufficient uptake of Se and Zn, but also adequate supplies of 
N and S are important to improve the impact of Se and Zn fertiliser applications.  The results of 
both the surveys and experimental work further suggest the importance of S nutrition in enhancing 
yields and that inadequacy of S could be a limitation to agronomic biofortification of wheat and 
maize with Se and Zn. Agronomic biofortification with Se could easily be achieved with soil 
applications of small quantities of Se as sodium selenate. Therefore, increasing N, S, Se and Zn 
concentration and content in maize and wheat is a food systems strategy that could improve the 
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Micronutrient malnutrition is prevalent throughout the developing world.  Zinc (Zn) deficiency is 
widespread, and is ranked 5th among the 10 most important health risk factors in the developing 
world (WHO 2002), while low selenium (Se) intakes have been reported to cause several cancers 
and reduced immunity to infectious diseases (Lyons et al. 2004). Overall dietary diversity in many 
developing countries is low and cereal staples comprise a high proportion of daily caloric intake 
among the poor (FAO/WHO 2000). Maize and wheat are the most consumed cereals with maize 
being the staple for most Sub Saharan countries (SSA) and most developing countries (Graham et 
al 2001, McGuire 1993) but these grains have low densities of Zn and Se. 
The dependency on maize and wheat in the diets of the people necessitates approaches in which 
food systems are improved to not only meet basic caloric needs, but also supply the dietary Zn and 
Se requirements. Conventional remedies for nutrient deficiencies in human populations have been 
food fortification and supplementation programmes (Welsh and Graham 2004), but improving the 
nutritional quality of cereals through agronomic biofortification can be a sustainable and cost-
effective component of a more holistic approach (Welsh and Graham 2004).  Nitrogen (N) and 
sulphur (S) nutrition of plants appear to enhance micronutrient uptake and improving yields 
(Cakmak 2008; Dev et al. 1979) and a balanced nutritional program may be required to improve 
Zn and Se uptake by crops in crop biofortification programs. 
In sub-Saharan Africa (SSA), most soils under cereal production are inherently low in nutrients 
and consequently the grain produced has low mineral concentrations (Sanchezi 2002). Cereal 
production has been on the increase in SSA as more land is cultivated. However, yields are lower 
than those in the developed world and appear to be constrained by poor soils and relatively low 
fertiliser use (Table 1.1). Addressing micronutrient deficiencies through addition of deficient 
nutrients to most soils under cultivation by resource poor farmers who have narrow food choices  
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Table 1.1. Cereal production in some Sub-Saharan African countries 




1990-1992 2008-2010  1990 2010 
Kenya 1,804.8 2542.9 32.4 1562 752 
Malawi 1430.2 1831.2 26.6 992 2206 
Namibia 195.2 309.9 1.6 457 373 
Tanzania 3253.6 5018.9 8.7 1507 1332 
Zambia 797.8 1216.2 27.3 1352 2547 
Zimbabwe 1168.5 1901.8 28.0 1625 752 
Source: World Bank, Development Indicators 2012 Tables 3.2 and 3.3 
a Average world fertiliser consumption 122kg/ha, b FAO estimate 2756 Kg/ha, world estimate 3568 Kg/ha 
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could improve yields and intake of micronutrients. Maize and wheat are the most important cereal 
crops in SSA (FAO, 2009) and of these two cereals consumption of maize is higher (Table 1.2). 
However, wheat is becoming an important food source and production has been projected to 
increase (FAO, 2004).  Both crops are currently targets of biofortification programs 
The rising incidence of micronutrient malnutrition, the so-called hidden hunger, and its impact, 
especially on women and pre-school children in developing countries, is alarming (UN SCN, 
2004). Pfeifer and McClafferty (2007) further state that even mild levels of micronutrient 
malnutrition may damage cognitive development and lower disease resistance in children and 
reduce the likelihood that mothers will survive child birth. This could be a direct contribution to 
relatively high proportion of stunting, low resistance to infectious diseases and maternal deaths in 
Zambia (World Bank, Development Indicators Report 2012). 
Both Zn and Se have demonstrated catalytic, structural and regulatory functions in cells and there 
is an abundance of evidence in the literature that links low Zn and Se intake to poor health 
outcomes (Cakmak et al. 2010; IZiNCG 2004; Koivistoinen and Huttunen 1986). Stunted growth 
and a high prevalence of infectious diseases are proxy indicators of the extent of Zn and Se 
deficiency. These problems are significant in SSA (Table 1.3). The high national prevalence of 
child stunting and immunological disorders as well as other morbidity symptoms (e.g. diarrhoea) 
which are associated with micronutrient malnutrition, indicate chronic malnutrition and poor 
intake of essential micronutrients across much of southern Africa. Zinc deficiency is thought to be 
an underlying cause for maternal mortality, and studies in Malawi and Egypt reported a low Zn 





Table 1.2. Importance of maize and wheat as a source of calories in selected SSA countries 
Country Crop Production 
(000tonnes) 




Kenya Maize 2439 77.2 672 
Wheat 219 25.0 194 
Malawi Maize 3583 133.1 1158 
Wheat 3 6.4 48 
Namibia Maize 57 68.4 562 
Wheat 12 23.4 177 
Tanzania Maize 3324 58.1 519 
Wheat 92 16.7 127 
Zambia Maize 1887 110.2 928 
Wheat 195 12.8 102 
Zimbabwe Maize 700 110.4 876 




Table 1.3. Prevalence of malnutrition percentage of children under 5 and infectious diseases e.g. HIV in the populations in selected 
countries in SSA. 
Country Population % of children under 5 years 
stunting 
Prevalence of HIVb 
 
 (millions) Males a Female a % of population ages 15-






Youth 15-24 years old % of 
population 
Male                  Female 
Kenya 40.5 37.3 33.1 3.9 6.3 59 1.8 4.1 
Malawi 14.9 51.8 44.1 7.2 11.0 59 3.1 6.8 
Namibia 2.3 32.0 27.1 1.6 13.1 59 2.3 5.8 
Tanzania 44.8 45.9 39.2 4.8 5.6 59 1.7 3.9 
Zambia 12.9 48.8 42.9 12.7 13.5 57 4.2 8.9 
Zimbabwe 12.6 38.6 33.1 10.1 14.3 60 3.3 6.9 
Source: World Bank, World Development Indicators 2012 tables 2.1 and 2.20, 2.21 and 2.22 
a. Data are for the most recent year available 2005-2010. 
b. Data are for the most recent year available 2009. 
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Despite these health concerns, little information is available on concentrations of Zn and Se in the 
grain of maize and wheat in SSA and Zambia in particular. Suboptimal intakes are likely, given 
that most soils are inherently low in plant available Se and Zn (Melse-Boonstra et al 2007). Similar 
trends having been observed in other work. Zinc and Se deficiency have been reported in Turkey 
and Finland, where soils have low levels of plant available Zn (Turkey), and Se intakes by the 
population are low (Cakmak 2008; Lyons et al. 2004). In these instances, agronomic biofortication 
has had an immediate positive and sustained impact on the nutrition of the general population. 
Graham et al (2001) concluded that a new agricultural paradigm is needed to address global 
micronutrient malnutrition. 
“An agriculture which aims not only for productivity and sustainability, but also for balanced 
nutrition” 
This is what was called the “productive, sustainable, nutritious food systems paradigm” (Graham 
et al. 2001).  
Many crops of SSA suffer from deficiencies of macro- and micronutrients and while the focus has 
been on enhanced uptake of Zn and, to a lesser degree, Se, the effectiveness of micronutrient 
biofortification may be limited if other nutrients are in short supply.  The overarching objective of 
the study reported here is to examine the role of N and S in improving Zn and Se uptake in 
vegetative tissue and in grain.  The research program had the following objectives: 
1. To determine the Se and Zn concentrations of maize and wheat grain produced and 
consumed in Zambia. 
2. To estimate the intake of Zn and Se derived from maize and wheat 
3. To document the concentration of other essential nutrients in maize and wheat grain in 
Zambia 
4. To study the effect of S and N fertilisation on yield, Se and Zn concentration of wheat grain 
and maize biomass. 
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To achieve these objectives, three studies are reported in this thesis. A survey of the grain produced 
in Zambia was first conducted, which documented the extent of low concentrations of Zn and Se 
in grain and also highlighted the low S concentrations in crops in Zambia. Subsequently two 
experiments were conducted to examine the influence of S and N nutrition on Zn and Se uptake. 
Difficulties in growing maize to maturity with the facilities available meant that the experiment 
with maize was restricted to responses in the vegetative growth, while the experiment with wheat 






A review of literature on the agricultural production constraints in SSA in general and Zambia in 
particular is presented. The importance of a balanced supply of N, S and Zn to crop nutrition and 
of selenium Se in the agronomic biofortification of maize and wheat is then discussed. 
2.2. Agro ecological diversity and production constraints in Sub-Saharan Africa (SSA) 
Sub-Saharan Africa has a total land area of 2.455 billion hectares of which 41% is classified as 
agricultural land. The sub humid zone accounts for 38% of the total land area of SSA (FAO 2001). 
The region is characterised by a diverse range of agr- ecological zones and differentiated 
production and farming systems. 
The sub humid zones of the Southern, East and West Africa have variable growing season lengths 
of between 180 and 270 days. The rainfall pattern in the Southern African region is unimodal with 
a range of 800-1200 mm per annum, while in the East and Central Africa, it is bimodal, 
characterised by short and long rainy seasons. In unimodal sub humid areas, the rainfall pattern is 
highly variable in terms of the start of the season and amount of total rainfall received in the season 
(Mafongoya et al 2006). This variability in rainfall is associated with mid–season droughts and 
variable crop yields, especially for maize, and this is arguably a major constraint to production. 
The Southern Africa region is commonly referred to as the “bread basket of Africa” and is 
characterised by high variability in soil types, rainfall, altitude and climate (Decker 1993). Zambia 
is located in this part of SSA. 
2.2.1. Soil fertility constraints 
Low soil fertility ranks as the second most important abiotic stress factor, after drought, limiting 
maize and wheat production in SSA (Banzinger and Cooper 2001). The soil constraints are of two 
major types: chemical and physical constraints. The chemical constraints include low nutrient 
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reserves, low cation exchange capacity (CEC), aluminium toxicity and low pH. The physical 
constraints to increased soil productivity are limited rooting depth, low water holding capacity and 
susceptibility to soil erosion, crusting and compaction (Sanchez and Logan 1992). 
The soils in the SSA are typically old and are a result of parent material, past and current climatic 
conditions. They are generally leached and have inherently low nutrient levels and consequently 
are characterised by low N and phosphorus (P) availability and their high acidity is often associated 
with deficiencies of calcium (Ca), magnesium (Mg) and K and toxicities of aluminium (Al) and 
manganese (Mn) (Sillanpaa 1982). Deficiencies of other essential nutrients (secondary nutrients) 
such as S and micronutrients would appear to be widespread and may also limit crop production 
(Sanchez and Logan 1992). These are however, less frequently reported. 
The major soil types in the sub humid zone of East, Central and Southern Africa are shown in 
Table 2.1. Sandy and sandy loam soils derived from granite, with low organic matter of less than 
0.5% and low cation exchange capacities, are widespread in southern Zambia, Zimbabwe, and 
western and southern Mozambique. Nitrogen deficiency is ubiquitous on these soils, while 
deficiencies of P, S, Mg and Zn are also common (Grant 1981, cited in Kumwenda et al. 1996). 
Macronutrients and micronutrients including Zn and boron (B) are reported to be chronically 
deficient on sandy loam and clay loam soils in Malawi (Wendt et al. 1994), while Zambia has large 
areas of acidic soils (pH ≤ 4.5) with high concentrations of free aluminium (Al3+) and iron oxide. 
It would appear that intensified agricultural production has contributed to this declining soil 
fertility. In Zambia, it has been found that the largest aggregate nutrient losses from soils are seen 
in areas where a fallow period has disappeared or the length of the fallow period has  
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Table 2.1. Distribution of major soil types in the sub humid zone of Sub-Saharan Africa 
FAO classification USDA Taxonomy Area in 
Km2 
%Coverage of total 
Area 
Areas of major occurrences 
Ferralsols Oxisols 1847898 32 Democratic Republic of Congo (DRC), Zambia, 
Rwanda, Burundi, Uganda, Southern Sudan 
Acrisols Ultisols 530603 9 Subhumid, West Africa, Southern, Guinea, Togo, 
Benin, Nigeria, Cameroun, Coted’lvoire 
Lixisols Alfisols 1666151 29 South-East Africa, Madagascar 
Nitisols Paleustults/Paleulstaf 435931 8 Ethiopia, Kenya, Tanzania, Ethiopia, East DRC 















decreased to a point where it is often insufficient to maintain soil fertility due to increased cropping 
intensity (Mafongoya et al. 2006). The reduction in fallow periods has been due to increased 
population and the need to intensify production to achieve greater production from the cropping 
systems. However, the intensification has not been matched by a proportionate increase in nutrient 
inputs, either from organic manures or fertiliser. 
2.2.2. Production characteristics of maize and wheat in SSA 
Cereal grain production is the dominant agricultural system in SSA, with maize (Zea mays L) 
accounting for over 50% of the cropped area and the calories consumed in many countries in the 
region (Byerlee et al. 1994; Silesi et al. 2010). The importance of maize in the region makes it a 
strategic commodity whose cropping intensity has expanded even into marginal areas. This has 
led to average yields of maize stagnating at around 1-2 t/ha in the region (FAO 2008), although 
the demand for maize in this region keeps rising. 
Rosegrant et al (1996) estimated that demand for maize in SSA would rise from 21.3 million tonnes 
per year in 1990 to over 52 million tonnes in 2020. However, low and variable yields have led to 
food insecurity for 6-9 months because production has not kept pace with consumption, despite 
the cultivation of improved varieties (hybrids) and better agronomic practices. This has resulted in 
countries in the region importing up to 10 million tonnes of maize each year (Cassman 2007). A 
plausible reason for slow increases in productivity is that the smallholders, who produce most of 
the maize, grow it on low fertility soils that are subject to erosion and loss of organic matter (Silesi 
2010). 
Many countries in SSA grow a small amount of wheat and the region contributes less than 2% of 
all wheat in the developing world. However, there is a growing demand for wheat and production 
is projected to double from 2.6 million tonnes in 1997 to 5.1 million tonnes in 2020, due to 
increases in in area and yield (CIMMYT 2004). 
Most of the soils in SSA appear to be extremely depleted of nutrients and will only sustain crop 
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production with judicious regular additions of nutrients. Until recently, little attention has been 
given to balanced crop nutrition and soil fertility management, especially micronutrients, because 
the focus has been on N, P, K and gains in production in maize from improved yields as a result 
of hybrid seeds (Weil and Mughogho 2000, Kumwenda et al. 1996).  The nutrient imbalances may 
contribute to low yields and nutrient concentration levels in the grain. Improvement of 
micronutrients in cereal based diets of most developing countries, including Zambia, is essential, 
given that micronutrient malnutrition is a major contributing factor to health problems and 
maternal death in the region. Dealing with these problems requires exploring means of producing 
abundant quantities of food containing sufficient quantities of bioavailable micronutrients. 
Therefore, strategies are needed to optimise nutrient use efficiency if enough food is to be 
produced and alleviate both “classical” and “hidden” hunger in the region. 
2.2.3. Importance of soil fertility to human health 
As discussed above, the inherently poor soil conditions over much of SSA are a contributing factor 
to food insecurity and malnutrition, which are the biggest risk factor for human illness and disease 
in the region (Sanchezi 2002; Sanchezi and Swaminathan 2005). This is because the primary 
source of all nutrients for people is plant products, either consumed directly or via animals. 
Therefore, low contents of mineral nutrients in the diet could be attributed to deficient levels in 
edible parts of staple crops or indirectly to animal products which could have been fed on plants 
with low concentrations of micronutrients (Bouis and Welch 2010). 
The consequences of insufficient intake of nutrients have been described in several reports in the 
literature as being sickness, poor health, impaired development in children and large economic 
costs to society (Branca and Ferrari 2002; Golden 1991; Grantham-McGregor and Ani 1999; 
Ramakrishnan et al. 1999; Welch and Graham 2004). Equally, the extent of the widespread 
deficiencies has been cited in White and Broadley (2005): of the world’s human population, 60–




This scenario is likely to be worse in SSA given the diets primarily consist of staple cereal crops 
(maize, rice, wheat, sorghum, and millet) that may not meet protein and energy demands (Stein 
2010), with children under the age of five and women being most severely affected. Poor diet as a 
result of low intake of micronutrients can significantly contribute to compromised immune 
function and to the high incidence and prevalence of infectious diseases with important 
implications for the HIV/AIDS ravaged SSA (Table 1.3). 
The current situation in the developing countries indicates that nearly two-thirds of all the deaths 
of children are associated with nutritional deficiencies, mainly from micronutrient deficiencies 
(Caballero 2002). Micronutrient, protein and energy malnutrition are of at alarming proportions in 
many developing countries, including Zambia, probably because of reduced crop yields and low 
concentration of trace elements (St.Clair and Lynch 2010). 
2.3. The Zambian agriculture sector 
The Zambian environment is suited to both rain fed and irrigated cereal crop production with maize 
and wheat (Triticum aestivum L) dominating production in the summer and winter, respectively. 
These crops play an important role in satisfying daily calorie and protein needs in Zambia and 
individual yields of up to 10 t/ha of maize and 6 t/ha of wheat are possible. However, many 
Zambian soils have low fertility and wide variations in yields across climatic and soil conditions 
occur (Ministry of Agriculture Crop Forecast Survey 2004-2015). 
2.3.1. Climate 
The high plateau on which Zambia is located ensures that the country has a moderate climate.  
Two climatic factors are important to the Zambian agriculture system, temperature and rainfall, 
and the annual variation in these defines three distinct seasons in Zambia: 1) a rainy season in 
summer from November to April 2) a cool dry winter from May to August and 3) a hot dry season 
in September and October. Summer temperatures rarely exceed 35oC, but rainfall is unevenly 
distributed throughout the year, with the majority concentrated in the six months from November 
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to April.  Nevertheless, the Zambian climate is favourable for agricultural production with 
abundant arable land receiving 650 mm of annual rainfall in the southern part of the country and 
above 1000 mm in the north of the country. There is great variation in rainfall, elevation, mean 
temperatures, vegetation and soils among these agro-ecological zones and within the zones 
themselves. The main features of the agro ecological zones in Zambia are summarised in Table 
2.2. 
The varied nature of these environments makes it possible to grow a wide range of crops 
throughout the country. Consequently, Zambia is divided into 36 agro-ecological zones which are 
grouped in three major zones, mainly on the basis of rainfall (Figure 2.1). Zone 1 is characterised 
by low rainfall, a short growing season, and high temperatures during the growing season, and a 
high risk of drought. Zone 3 is characterised by high rainfall, long growing season, low probability 
of drought, and cooler temperatures during the growing season. Zone 2 is intermediate between 
Zones 1 and 3 for most climatic variables. This region is further distinguished into 2a and 2b based 
on the soil distribution. The predominance of rain-fed cultivation means that the agricultural 
sector’s performance is strongly correlated with the rainfall pattern and the country’s agricultural 
production is extremely vulnerable to fluctuations in annual rainfall. Rainfall is variable and most 






Table 2 2. Location and major characteristics of Zambia’s agro ecological zones 























Zone 1 Major valleys e.g. Gwembe, 
Lunsemfwa and Luangwa as well as 











Zone 2a & 
2b 
Sandveld plateau of Central, Eastern, 
Lusaka and Southern Provinces, 
including Kalahari sand plateau and 
Zambezi flood plains of Western 
province 
900-1300 800-1000 100-140 Medium-
Low 




Zone 3 Part of the Central African Plateau 
covering Northern, Luapula, Copper 
belt, North western Provinces and 
northern parts of Serenje and Mkushi 
Districts. 
1100-1700 
(< 1000 in 
Luapula) 
>1000 120-150 Almost 
nil 







Figure 2.1. Location map of Zambia with agro ecological zones. Source: Springer Images, 
www.springerimages.com/images 
 
2.3.2. Soils and crop distribution 
The soils in Zambia are variable with 21 different aggregated groups.  They can broadly be 
categorized into Zones that have tended to dictate the farming systems practised. Figure 2.2 shows 
the major soil group classification and distribution and Table 2.3 summarises their characteristics 
and limitations to crop production across the country. These important soil groups influence the 
cropping systems in the three agro ecological zones as briefly described below: 
 Zone 1: Consists of Haplic Luvisols and Haplic Solonetz on the flat land and Dystric Leptosols 
on the hills and ridges (FAO 1973). The limitation of these soils is that they are highly erodible. 
Arable production is concentrated on pearl millet (Pennisetum glaucum), sorghum (Sorghun 
bicolour L Moench) and livestock. Given the environmental limitations in this zone, it would 
appear that cropping of drought tolerant crops is the only viable cropping system. Food security 




Figure 2.2. Soil group classification of agro ecological Zones. Source: K. Munyinda, University 
of Zambia, School of Agricultural Sciences (2011) 
 
Zone 2a: The soils are mainly Haplic Lixisols, Haplic Luvisols and Haplic Acrisols (FAO 1973). 
These soils are more productive with few limitations, and permanent cultivation of sorghum, maize, 
groundnuts (Arachis hypogaea L), and cow peas (Vigna unguiculata L). A range of cash crops is 
also grown including tobacco (Nicotiana tobacum L), sunflower (Helianthus annuus L), irrigated 







Table 2.3. A description of the major soils and their limitations in the agro ecological zones of Zambia 
Zone General description of soils Limitations to crop production 
Zone 1 Loamy and clay with fine tops Slightly acidic to alkaline, minor fertility 
limitation 
Reddish coarse sand soils Low pH, available water & nutrient capacity 
reserves 
Poorly drained sandy soils Severe wetness, acidic & low fertility 
Shallow &gravel soils in rolling to hilly areas including 
escarpment zones 
Limited depth & unsuitable for cultivation 
Zone 2 Moderately leached clayey to loamy soils Low nutrient reserves & water holding 
capacity 
Slightly leached clayey soils Slight to moderate acidity, difficult to work 
due to heavy textured soil. 
Coarse sandy loams in large valley dambos Imperfectly drained limitation due to wetness 
Sandy soils on Kalahari sand Medium to strong acidity, coarse textured top 
soil, low water holding capacity and nutrient 
reserves 
Zone 3 Red to brown clayey loamy soils Very strong acidity and strongly leached 
Shallow and gravel soils in rolling hilly areas Limited depth 
Clayey soils, red in colour Moderately to strongly leached, fewer 
limitations 
Poorly to very poorly drained flood plain soils Variable texture and acidity 
Coarse sandy soils in the pan dambos on Kalahari sand Very strong acidity 




Zone 2b: This is the aggraded Western plateau. The soils are Ferrallic Arenosols which are infertile, 
coarse sands. Cassava (Manihot esculentum L), bulrush millet (Pennisetum glaucum L) and 
Bambara nuts (Vigna subterranean L) predominate on the upland with some maize and sorghum 
and in the flood plain rice (Oryza sativa), maize and sorghum are grown. 
Zone 3: The soils are mostly Haplic Acrisols which are highly leached and acidic. Traditional 
farming systems are based on slash and burn. The main crops are finger millet (Eleusine coracana 
L), beans (Phaseolus vulgaris L) and cassava. Cash crops include maize, sunflower, coffee (Coffea 
arabica L), tea (Camelia sinensis L), tobacco, irrigated wheat and soybeans. 
In general, in the Western plateau the Kalahari sands cover the degraded, more heavily textured 
soils which, in combination with unreliable rainfall patterns, substantially reduce the capability for 
arable crops. These parts of Zones 1 and 2 are largely grasslands and mainly suitable for cattle 
production in their natural state. Maize production is better suited to the northern parts of Zone 2 
with loamy to clay–loam soils while tobacco and cotton do well in the southern part of Zone 2. 
However, maize production dominates throughout all the Zones. In drought years, Zone 3, despite 
having highly leached acidic soils, has proved to be a reliable maize producer and a net exporter 
to other provinces (Saasa 2003).  
Wheat in Zambia is grown in the winter under irrigation, predominantly in Zones 1 and 2. 
Although, Zambia had historically imported wheat, steady production gains have met the 
consumption requirements for the country. In recent decades wheat has become increasingly 
important as a basic staple food, particularly in urban areas where it accounts for higher proportion 
of the budget than maize (Mason et al 2009). 
2.3.3. Farming systems 
Based on the area cultivated with crop and the production focus, the farmers are categorised as 
small scale, emerging, medium or commercial (Table 2.4). The physical environment has had an 
important effect on the nature of the farming systems practised throughout the country. However, 
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smallholder and emerging farmers make up approximately 70% of the total farmers and produce 
more than 30% of the marketed maize. The commercial farms are few and are normally 
concentrated along the railway line. All the wheat in the country is grown by this category of farm. 
The increase in wheat production in Zambia has depended mainly on development of infrastructure 
such as electrification and installation of irrigation systems (centre pivots) on the vast cleared tracts 
of land. The potential for further increased production of wheat still depends on continued 
infrastructure development (Mbumwae and Riddell 2002). 
As discussed earlier, many soils in Zambia have low macro and micronutrients and this affects 
yield and grain nutrient levels. According to Jha and Hoijjhat (1993), early research work showed 
that the major nutrient deficiency in the soil is N and recommended P and K levels were essentially 
perceived as for maintenance. However, in the recent literature large areas of the major soils in 
Zambia have been reported to have low to deficient levels of S, Se and Zn (Tsuji et al 2005, Melse-
Boonstra et al 2007 and Chirwa and Yerokun 2012). Further discussion is given in Section 2.4. 
A review of world literature on soil micronutrients shows that Zn deficiency is the most serious 
constraint to crop production in the tropics, including Zambia, and is becoming as important as the 
deficiencies of N, P, K, S and Ca (Allaway 1986; Bouis and Welch 2010). It appears too that the 
use of NPK fertilisers increases the crop demand for micronutrients (Kannwar and Youngdahl 
1985), consequently their balance and supply should be equally important.  However there has 





Table 2.4. Characteristics of Zambian Agriculture 
Characteristics Farm category 
Small scale Emergent Medium Large scale 
Total area (ha) 05-9.0 10-20 20-60 Over 60 
Crops grown Food crops Food/cash Food/cash Cash crops 






Means of production Hand hoe Hand hoe/oxen Oxen/tractor Tractor 
Source: Ministry of Agriculture and Cooperative, 2005 
Promoting NPK fertiliser use has been an important element of Zambian agricultural strategy since 
the 1950s, although the rates of application have been low with current rates fluctuating between 
6-12 kg per hectare per year (FAO stats 2010). The use in Zambian agriculture is highly skewed 
to maize production with nearly 90 % of Zambia’s total fertiliser being applied to maize (Jha and 
Hoijjihat 1993). 
The current recommendation is to apply 200 kg/ha of D compound (10-20-10) and 200 kg/ha of 
urea to maize (Jha and Hoijjati 1993), which delivers 112 kg N/ha, 40 kg P/has and 20 kg K/ha. 
The recommendations are based on smallholder cultivation with yield expectations of 3-4 tons of 
maize per hectare. The maize and wheat recommendations for commercial farmers are higher with 
300 kg of compound D and 300 kg of urea or ammonium nitrate for expected yields of 6.5 tons 
per hectare or higher of maize and wheat. To meet these nutrient needs a number of types of 





Table 2 .5. Composition of commonly available fertilisers in Zambia 
Fertiliser Nutrient 
N P K S 
Compound D 10 8..8 8.3 9 
Compound X 20 4.4 4.2 9 
Urea 46 0 0 0 
Ammonium nitrate 36 0 0 0 
CAN 26 0 0 0 
Source: Extracted from profitability study of maize and wheat, Michigan State University, 2007.  
The above set of recommendations is not the only one available to extension agents and farmers. 
In other work, Gumbo (1988) proposed three levels of fertiliser application based on the initial soil 
fertility status and recognising that higher fertility land needs lower levels of inorganic inputs 
(Table 2 6). Another bulletin recommended the following rates for maize on well rotated land 160 
kg N/ha, 31 kg P/ha and 29 kg K/ha (Department of Agriculture Zambia 1989). 
Table 2.6. Fertiliser recommendations (kg/ha) for maize based on initial soil fertility status 
Fertility status N P K SA 
Low 160-180 31-44 29-33 20  
Medium 120-140 18-26 8-17 20  
High 80-100 9-13 0 20\ 
A the rate of S is the minimum amount needed and higher rates can be used. 
Source: Gumbo 1988 cited in “Framework and initial analysis of fertiliser profitability in maize 
and cotton in Zambia”, downloadable at http://www.aec.msu.edu/agecon/fs2/Zambia/index.htm 
The above recommendations may appear universal and focus mainly on the N, P, and K and also 
include other management practices that would improve yields for the farmer, but little attention 
has been paid to the minor nutrients such as S and the micronutrients, such as Zn and Se which 
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have been reported to be nutritional problems in plants and/or the human population in the other 
regions of Southern and Central Africa. 
The current concentrations of N, S, and Se and Zn of individual crops is difficult to estimate 
because these are not regularly measured in Zambia. Therefore, the poor documentation of soil 
and plant nutrient concentrations in Zambia means there is insufficient information that can be 
used to predict yields and nutrient concentrations of produce from the farms and nutritional quality 
of grain that is consumed by the general population, especially in rural areas. 
It would appear that site specific recommendations would be difficult to implement given the soil 
fertility and climatic variability in the zones and within the zones themselves. The potential 
increases in productivity and grain quality on these poor soils however, will only be achieved by 
balanced nutrition between macro and micronutrients. In addition, balanced crop nutrition will 
greatly aid in improving the micronutrient concentration of these important crops and benefit the 
resource poor rural population, whose diet is principally cereal-based (McDonald et al. 2008; 
Yilmaz et al. 1998). 
2.4. Zinc nutrition in plants and animals 
Micronutrients such Zn have important functions in living organisms and are essential for humans, 
animals and plants. Deficiencies of micronutrients may also cause imbalances in the normal 
functions of the living organism. The role of Zn in plants and animals respectively will be 
discussed below. 
2.4.1 Zinc and crop productivity 
Zinc is an essential micronutrient for plant growth and development (Marschner 1995). Among 
crop plants increased growth of wheat, oats, maize, lupin and peas due to Zn application was first 
reported as early as 1914 by Javilier (cited in (Thorne 1957). The essential nature of Zn as a 
fertiliser was accepted when Sommer and Lipman (1926 cited in Brown et al. 1993) demonstrated 
that Zn was essential for plant growth and reported increased yields of barley, sunflower, 
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buckwheat, beans and vetch due to Zn application. By the early part of the 20th century the 
agricultural significance of Zn had been recognised, but it was not until the mid-1930s that the 
first case of Zn deficiency was reported in the field (Chandler 1937). 
The native Zn pool in the soil is the dominant factor determining grain Zn concentration followed 
by genotype and fertiliser treatments (Wissuwa et al. 2008). Maintenance of an adequate amount 
of available Zn in soil or high Zn concentrations in seed ensures good root growth and contributes 
to protection against soil-borne pathogens (Alloway 2008). Plants emerging from seeds with low 
Zn have poor seedling vigour and field establishment on deficient soils (Yilmaz et al. 1998).  
Therefore, increased amounts of Zn in seed could enable reduction in seeding rates due to 
improved seedling establishment, more vigorous plants and higher yields (Welch 1999), which 
could result in substantial economic benefits to resource-poor farmers and the to the country. Most 
small-scale farmers in Zambia grow both open pollinated varieties and hybrid maize varieties and 
the likelihood of re-sowing given the scale of production is high. Consequently, when seed with 
low concentrations of Zn is re-sown, the ability of the new crop to withstand environmental 
stresses at the early growth stages is greatly impaired. 
2.4.2 Extent and degree of zinc deficiency in Zambian soils 
Zinc deficiency is acknowledged as a worldwide problem and has become a significant constraint 
to crop production, particularly in cereal crops produced on calcareous soils of the arid and semi-
arid regions (Cakmak 1988a). In Zambia, Zn nutrition is becoming significant for crop production 
and quality as well. It appears that depletion of soil Zn reserves due to intensive cultivation may 
have increased Zn deficiency in soils and it is now recognised as one of the most widespread 
micronutrient deficiencies in the country. 
According to a study by Sillanpaa (1982), irrespective of the methods used for determining 
extractable soil Zn, the distribution of Zambian soil and plant Zn contents are much alike and 
correlations are good. The soil and plant Zn values are within the “normal” international level, but 
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soils at several locations showed such low Zn concentrations that disorders due to Zn deficiency 
are likely. All of the soils submitted for that study came from Zones 1 and 2 of the agro ecological 
zones. 
In addition, work by Banda and Singh (1989); found low available soil Zn for maize in Zone 3 of 
the country. Their work appears to agree with the above observations of Silanpaa (1982) and, 
depending on the extraction method, critical levels for major soils in the high rainfall areas of 
Zambia were found to be 0.7, 2.0 and 1.5 mg Zn/kg using 0.005M DTPA, 0.1N HCL and 
NH4OAc-EDTA methods respectively. Most soils in the country fail short of these critical levels 
except from well fertilised arable land. 
Although limited literature on the degree of deficiency is available on Zn in Zambia, based on soil 
properties and cropping history, large areas are likely to be low in available Zn and Zn deficiency 
will more likely manifest as hidden hunger and contribute to low crop productivity. There have 
not been consistent visual observations of wide-spread Zn deficiency in crops grown on these soils 
arguably due to the higher likelihood for deficiencies of N, P, K and S to appear earlier. 
2.4.3 Physiological importance of Zn 
Zinc is taken up by plants predominantly as Zn2+ and mainly functions as a divalent cation by 
coupling enzyme with corresponding substrates and forming tetrahedral chelates with different 
organic compounds such as peptides (Brown et al. 1993). Zinc acts as a functional, structural or 
regulatory cofactor and is a constituent of many enzyme systems. 
Zinc-dependant enzymes are involved in macronutrient metabolism and cell replication, (Arinola 
et al. 2008; Hays and Swenson 1985). Zinc is also necessary for the production of chlorophyll and 
carbohydrates. Zinc deficiencies in plants first appear in the young leaves because of its low 
mobility in the plants and in maize it is often referred to as “white tops” because the young leaves 
at the top turn white or light yellow during early growth. Leaves may develop broad yellow bands 
(chlorosis) on one or both sides of the midrib, while other symptoms include bronzing in rice and 
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legumes, little leaf and rosetting of subterranean clover, fruit trees and severe stunting of maize 
and beans. Zinc is also important in maintaining the integrity of cell membranes. 
In humans, Zn deficiency can result in disease or symptoms including hypogonadism, growth 
failure, impaired wound healing, and decreased taste and smell acuity. Zinc is also necessary for 
optimum insulin action (Murray et al. 2000), cell replication and gene expression (Soeten et al. 
2010), Vitamins A and E metabolism and bioavailability also depends on Zn status (Szabo et al. 
1999). It is ultimately necessary that due to the above vital functions of this trace element it is 
important to monitor its intake to improve immune function in the general population at large and 
especially the women and children. 
2.4.4 Diagnostic criteria of Zinc deficiency in maize and wheat 
Plant tissue analysis has become widely recognised as an effective tool for the diagnosis of the 
nutrient status of crop plants and the information provided is used as a guide to nutrient 
management for optimal plant production. The critical deficiency concentration for a particular 
nutrient has been defined as the nutrient concentration in the tissue where there is a 10% reduction 
in the yield due to nutrient deficiency (Ulrich and Hills 1967). In practice, the critical deficiency 
concentration is not a single value but rather a narrow range of nutrient concentrations above which 
the crop is adequately supplied with nutrients and below which the crop is deficient (Dow and 
Roberts 1982). 
Critical levels are defined for specific plant parts e.g. youngest emerged blades (YEBs), whole 
shoot and for defined growth stages. In wheat, the critical deficiency has been reported to be 16-
18 mg/kg dry weight, based on the Zn analysis of the YEB at both the seedling stage and anthesis 
(Riley et al. 1992; Wilhelm et al. 1993). However, under some conditions critical concentration 
may be as low as 11 mg/kg as found by Brennan (1992) using YEBs sampled at the six-leaf stage. 
For diagnosis of grain Zn approximately 23-30 mg/kg should be adequate (Graham et al. 2001). 
In maize critical deficiency based on mature leaves 56 days after sowing has been found to be 15 
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mg/kg (Banda and Singh 1989) and adequate levels at 50% silking blade opposite and below the 
cob (BOBC) of 11-50 mg/kg (White et al 1987). 
2.4.5 Interaction with Nitrogen and Sulphur 
As discussed above, soil fertility is a manageable soil property and its management is of utmost 
importance for optimising crop nutrition, in both the short and long-term to achieve sustainable 
crop production. The macro elements such as N and S are essential in meeting these demands. 
However, low soil levels of these nutrients are wide-spread in Zambia and an important factor 
limiting crop production. 
2.4.5.1 Nitrogen 
Nitrogen appears to affect Zn status of the crops by promoting both plant growth and by changing 
the pH of the root environment. In many soils N is the most limiting factor on growth and yield 
and not surprisingly improvements in yield have been found through positive interactions by 
applying both N and Zn fertiliser. Crops may respond to application of N and Zn together and not 
Zn alone (Alloway 2008). The application of N in the absence of Zn can lead to Zn deficiencies 
through a dilution effect brought about by an increase in growth due to N. This can also result in 
deficiencies of other micronutrients such as copper if they are also of marginal status in the soil 
(Kirk and Bajita 1995). This is the case in many Zambian soils. Low N supply leads to low protein 
in seed and plant vegetative parts which may also limit the concentration and bioavailability of Zn 
(Kutman et al. 2011). 
It is important to note that very little plant-available N is present in the soil in its natural state, as 
most of the N is contained in the soil organic matter. The total amount of N in the soil therefore 
depends on the organic matter concentration in the soil. Most soils in Zambia have low soil organic 
matter and N fertiliser addition is necessary to achieve meaningful yields. Nitrogen fertilisers, such 
as ammonium sulphate and ammonium nitrate, can have acidifying effects and can lead to an 
increase in Zn availability, but care should be taken for maintenance liming. Nitrates also remain 
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in the soil solution and are therefore subject to leaching, particularly in the sands and other free 
draining soils in high rainfall areas. 
2.4.5.2 Sulphur 
Sulphur is an essential element for plant growth and is an important limiting factor in crop 
production including maize and wheat. Generally, sandy soils with low organic matter content 
have been identified as being responsive to fertiliser S (Pangani and Echeveria 2011). 
The need for S is closely related to the amount of N available for crops. The role of S in the activity 
of the enzyme nitrate reductase, whose low activity depresses soluble protein levels, is important. 
Low activity of nitrate reductase can inhibit seed formation in sensitive crops and impact 
negatively on yield. Therefore, S cannot be ignored when evaluating N use efficiency. 
Sulphur is primarily absorbed as the sulphate (SO4
2-) anion but can also enter plant leaves from 
the air as sulphur dioxide (SO2) gas. Sulphur is part of every living cell and a constituent of 3 of 
the 21 amino acids that form proteins, cysteine, cystine and methionine.  Also, thiamine and biotin 
(members of the vitamin B complex) and coenzyme A contain S in their molecules (Malhotra 
1998). Sulphur is also needed for S amino acids that are precursors of nicotianimine that is 
involved in the transport of micronutrients including Zn and Fe (McDonald and Mousavvi-Nik 
2009; Zeng et al. 2010). 
Plants deficient in S show a pale green colour in the younger leaves, although the entire plant can 
be pale green and stunted in severe cases. Sulphur deficiency symptoms are similar to those of N 
as both are constituents of proteins. An important distinguishing factor in the early stages of 
deficiency is that N deficiency is more severe in older leaves because N is a phloem mobile plant 
nutrient and moves to new growth. Sulphur on the other hand is less mobile in the phloem, so new 
growth suffers first when S levels are not adequate to meet crop need. 
As discussed above, there is little information on the extent and severity of S deficiency in Zambian 
29 
 
crops. However, given the low to deficient S levels in most major soils, it is likely that many crops 
grown on these soils are low to deficient in S partly due to repeated trash burning over a long 
period of time and inadequate deliberate addition of this nutrient. 
2.4.5.3 The N:S ratio 
The use of ratios in the interpretation of plant analysis results involves the evaluation of two 
essential elements together recognising the effects of one element on the other. The ratio between 
N and S is important to measure and understand because of the impact it has on N use efficiency, 
plant vigour, water use efficiency, phosphate use, carbohydrate production and utilisation, rate of 
grain fill, maturity and many other plant factors. 
The N: S ratio primarily reflects the complementary relationship that N and S have in producing 
plant proteins and grain fill. If the ratio of the sample is higher than 15:1, additional S is required 
to effectively use the N in the crop. If the ratio is below then no additional S is required but, there 
may be a need for additional N. In reality the plant doesn’t assimilate nitrogen well if S is limiting 
and crops show little or no response to N fertiliser until the S deficiency is corrected. 
2.5 Selenium 
Selenium has an atomic weight of 78.96 and an atomic number of 34. It lies between S and 
tellurium in Group 6A and between arsenic and bromine in Period 4 of the Periodic Table. This 
position accounts for many of its biological relationships with S, arsenic and P (Lyons et al. 2004). 
Despite its rarity in the earth’s crust Se plays an important role in animal and human nutrition. 
However, it was not until the work of Schwarz and Foltz (1957), that Se was recognised as an 
essential nutrient for humans; it was known mainly for its toxicity and considered a carcinogen. 
This led to the objections by the US Food and Drug Administration to its use as an additive in 
livestock feed (Oldfield 1981). It is thus ironic that Se now arouses most interest as an anti-
carcinogen (Lyons et al. 2004). 
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2.5.1 Selenium in soil 
The ultimate source of all Se in plants is the rocks and soils of the terrestrial environment in which 
it is ubiquitous but unevenly distributed. Soil concentrations range from less than 0.1 to more than 
100 mg/kg and total soil Se of 0.1 to 0.6 mg/kg is considered deficient (Melse-Boonstra et al 2007), 
but total soil Se concentrations may not be a reliable predictor of Se availability.   
Granite soils, particularly in humid, high rainfall areas are likely to be deficient but availability of 
Se to the plants is influenced by soil pH, aeration and presence of iron oxides. Selenium is poorly 
available in acidic and poorly aerated soils occurs because it occurs as insoluble selenides and 
elemental Se. In lateritic soils, which have a high Fe content, Se binds strongly to DFe oxides to 
form poorly soluble ferric hydroxide-selenite complexes (Cary and Allaway 1969). Elemental Se, 
although stable in soils can be slowly oxidised, particularly at high pH (Geering et al. 1968). 
Selenium is available in aerated acid or neutral soils where selenites form and in aerated alkaline 
soils in the selenate form (Cary and Allaway 1969).  Selenate is highly soluble and the dominant 
species in slightly acid to alkaline conditions and is easily taken up by plants (Melse-Boonstra et 
al.2007). 
In Zambia it is expected that the predominantly highly weathered soils would be quite deficient in 
Se. A survey of some selected soils for Se levels in the country showed that the Se levels in the 
sampled locations fell below the reported range of mean worldwide values for this element of 0.5-
1.27 mg/kg (Melse-Boonstra et al. 2007). Consequently, the low Se status of the soil is not likely 
to result in any significant accumulation of the element in the crops that grow on it. 
2.5.2 Selenium availability and uptake in plants 
The Se content of plants varies according to available soil Se and species. Although lower plants 
such as algae require Se for growth (Lindstrom cited in Lyons et al. 2004), it is not considered to 
be an essential nutrient for higher plants (Terry et al. 2000). Rhizosphere processes play an 
important role in the availability of Se for plant uptake. In particular, ascorbic and gallic acids and 
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manganese oxides can increase oxidation of selenites to selenate (Blaylock and James 1994). 
Surveys indicate that wheat is the most efficient accumulator of Se among the common cereals 
such as rice, maize, barley and oats (Lyons et al. 2005); however, these Se levels appear to be 
influenced by soil Se status. Therefore, it is likely that room exists for improvement of Se status 
in Zambian crops with Se application and consequently, there is considerable potential for 
improving the status of certain segments of the population with inadequate Se intake. As noted by 
Lyons et al. (2005), a substantial increase in the population’s Se intake may result in decreased 
rates of several important cancers, cardiovascular disease, viral diseases progression and a range 
of other conditions that involve oxidative stress and inflammation. 
2.5.3 Selenium and human health 
Selenium has a role in many respects of the immune response to infections and its contribution to 
the integrity of the immune system is a major feature of its nutritional functional role discussed 
below. 
Selenium is a constituent element of the entire defence system that protects living organisms from 
harmful action of free radicals (Soeten et al. 2010). It is a constituent of the antioxidant enzyme 
glutathione peroxidase, whose concentration is monitored in the blood or liver to determine 
whether animals are at risk from selenium deficiency. Selenium deficiency results in white muscle 
disease, an illness that causes high mortality in young calves and lambs. 
It is also important in the prevention of diseases closely associated with oxidative stress e.g. 
cardiovascular disease, Alzheimer’s disease, Parkinson’s disease and many other diseases (Pollack 
and Leeuwenburgh 1999). It appears Se is also of significance to people with HIV/AIDS as it is 
an antioxidant that increases immune function and it has been shown that RNA viruses e.g. HIV, 
Hepatitis B, C, measles, influenza become more virulent in a low Se environment (Beck 2007). 
Selenium deficiency is a significant predictor of HIV-related mortality and viral load ((Baeten et 
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al. 2001; Baum et al. 1998; Campa et al. 1999). It is thus important that strategies to increase Se 
intake as a major public health issue through development of effective and sustainable options are 
addressed. One such strategy is through crop production, as the case with the Finnish experiment 
has demonstrated that agriculture can safely, effectively, easily and cost efficiently raise the Se 
levels in a human population (Graham et al 2005). 
2.5.4 Selenium interaction with Nitrogen  
Research on N and Se interaction is limited, but a number of reports in the literature indicates 
strong positive association with protein level. For instance, in a survey of wheat and bread in the 
UK, Barclay and MacPherson (1992) found soft wheats to contain less Se (0.02-0.13 mg/kg) 
compared to hard wheats (0.05-1.09 mg/kg). Gissel-Nielsen (1979) also found that a high N level 
strongly increased the Se concentration in maize roots exposed to selenite, but decreased 
translocation and increased the proportion of selenoamino acids in the xylem sap. 
2.5.5 Selenium interaction with Sulphur 
The literature indicates that soil sulphate level is an important determinant of Se uptake and 
transport in plants. Studies on crop and pasture plants show that increasing soil sulphate level 
decreases Se uptake and transport (Hopper and Parker 1999; Ylaranta 1990).  The effect can be 
strong at high sulphate levels where Se concentration and content decreased by more than 90% in 
perennial ryegrass and strawberry clover (Hopper and Parker 1999). 
Similarly, when pasture yields responded to S topdressing, the Se concentration in the legumes 
present was reduced by up to 50 % (Pratley and McFarlene 1974). This can be explained partly by 
a dilution effect caused by a growth response of the plant to the applied S (Lyons et al. 2004). 
Like S, Se can exist in five valence states: selenide (-2), elemental (0), thioselenate (+2), selenite 
(+4 e.g. Na2SeO3) and selenate (+6 e.g. Na2SeO4). Selenium forms many inorganic and organic 
compounds that are similar to those of S (Greenwood and Earshaw 1984). Therefore, observed 
reduction in plant Se level due to increased S is largely due to competitive inhibition as sulphate 
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and selenate use the same S transporter (Lauchli 1993; Lyons et al. 2004). These interactions have 
implications on soil fertility management and agronomic biofortification with Se by crops given 
that Zambian soils have both low/deficient S and Se levels. 
2.6 Biofortification 
Biofortification can be defined as genetic or agronomic. Exploiting the genetic variability in crop 
plants for micronutrient density (genetic biofortification) or approaches to enhance micronutrients 
through use of fertilisers (agronomic biofortification) can be effective methods to improve the 
nutrition of entire human populations. Agronomic approaches will be the focus of work reported 
in this thesis but first an introduction to genetic biofortification is provided. 
2.6.1 Genetic biofortification 
Genetic biofortification been defined as the development of micronutrient-dense staple crops using 
the best traditional breeding practices and modern biotechnology (Nestel et al. 2006). Breeding 
new genotypes for high micronutrient concentration is the most cost effective and long-term 
strategy to address the problem. However, genetic variation for Zn concentration in maize grain is 
moderate and is mostly within the range 15-35µg/g (Banzinger and Long 2000; Long et al. 2004; 
Sinyinda and Mwala 2010; Welch and Graham 2004) which constrains this option. The small 
range in Zn concentration in maize grain suggests that breeding needs to be supplemented with 
agronomic biofortification, at least in the short to medium term.  In contrast to maize, substantial 
variation in Zn density in wheat accessions grown together have been demonstrated (Graham et al. 
2001), and screening for efficient types makes breeding feasible, but it appears there has been no 
clear evidence of genetic variability between wheat cultivars for grain Se density (Lyons et al. 
2004). However, substantial variability exists within cereal crop varieties for Zn, Fe and other 
nutrients and these findings could suggest that it should be possible to breed cultivars with 
enhanced Se uptake and /or retention. 
Improving grain micronutrients (i.e. Se and Zn) and concentrations using transgenesis may be 
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feasible, but this strategy is a long-term option and the deployment of transgenic cultivars is 
compounded with complicated regulatory and biosafety concerns. Because of this, CIMYYT is no 
longer breeding for micronutrient efficient cultivars in maize and is pursuing only a modest 
improvement for Zn concentration (Ortiz-Monasterio et al. 2007). 
It would appear that there are no published studies of Se and Zn fertilisation of maize and wheat 
in Zambia. However, given that the size of plant-available pools of micronutrients (Se and Zn) in 
the soil is low this may greatly affect the capacity of these efficient cultivars to take up and 
accumulate micronutrients in the grain. 
2.6.2 Agronomic biofortification 
The intentional addition of micronutrients to macronutrient fertilisers (agronomic biofortification) 
is a quick and effective approach to increasing grain concentrations (Alloway 2009; Cakmak 2008; 
Rengel et al. 1999) and thus an excellent complementary tool to the breeding strategy for 
successful biofortification of cereal grains (Cakmak 2009).  Agronomic biofortification could also 
have multiple benefits for the population. This has worked in Finland and Turkey where soil Se 
and Zn are low, respectively. This leads to suboptimal intakes of essential nutrients by consumers 
as was the case with Se intake in Finland, which may contribute to increased risk of cardiovascular 
diseases and some forms of cancer (Cakmak 2008; Graham et al. 2005; Koivistoinen and Huttunen 
1986). 
As discussed above Se and Zn intake in humans is determined mainly by the level of availability 
in the soil on which their food is grown and by dietary composition. Combs (2001) suggests that 
the vast majority of the world’s population have suboptimal Se intakes and Cakmak (2008) also 
notes worldwide Zn deficient problems contributing to major disease burden. 
It is not likely that the current food systems of Zambia deliver optimum micronutrients like Se to 
maximize the expression of selenoenzymes. The impact of this deficiency and sub optimality is 
difficult to quantify but is likely to be enormous given the high prevalence of various cancers, 
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cardiovascular diseases and viral diseases (including HIV/AIDS, hepatitis etc) 
2.6.3 Agronomic biofortification with Se and Zn 
The use of Se as a soil amendment in fertiliser is practised in Finland (by law from 1984) where it 
is currently added to NPK fertiliser at a rate of 10 mg/kg (Eurola et al. 1990) and Zn has been 
extensively applied with N fertiliser in Turkey (Cakmak 2008). Zambia may not have to legislate 
to improve the nutrient levels but may need to pursue similar deliberate programmes to address 
the high levels of the prevailing deficiencies. Micronutrient deficiencies in humans are common 
in Zambia (Famine Early Warning Systems Network 2006; Gitau et al. 2005) and this could be 
primarily linked to low micronutrient density of staple food crops. 
Although Zambia has a track record of successful implementation of universal fortification of 
sugar with vitamin A and salt with iodine (Serlemitsos and Fusco 2001), individuals who are at 
risk of nutrient deficiencies (frequently women and children) often rely on cereal-based staple 
foods for most of their energy requirements and lack the money to improve their diet. Hence it is 
important to fortify the staple maize and other cereals with various micronutrients in the field to 
meet fortification levels in food consumption for both adults and especially children. Children 
have fast growth rates yet often low nutritious food intakes. 
The Se levels in major food classes usually occur within the following ranges: 0.10-0.60 mg/kg 
(fish), 0.05-0.60 (cereals), 0.05-0.30 (red meats) and 0.002-0.08 (vegetables and fruits) (Combs 
2001). However, most of these sources may be beyond reach for most of the population and 
increased intakes may appear to be mainly supplied from maize and wheat (cereals) to achieve 
HarvestPlus targets for Zn and general Se biofortification levels for the general public. 
 
 
2.6.4 Bioavailability of Se and Zn in diet 
In human nutrition terms, bioavailability can be defined as the amount of a nutrient in the meal 
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that is absorbable and utilisable by the person eating the meal (Van Campen and Glahn 1999). 
Selenium is well absorbed (generally 73-93%) from most sources, often being more bioavailable 
from plant forms than from animal foodstuffs (Bugel et al. 2002; Combs 1998). The form of Se 
appears to be important with selenomethionine (form in which Se mainly occurs in cereals) and 
selenate usually absorbed more efficiently than selenite. Studies have demonstrated serum Se 
increases in a dose-response manner in the high bioavailability wheat–Se by feeding trials (Meltzer 
et al. 1992). 
On the other hand, Zn bioavailability appears to be low in the presence of high P (Hotz and 
McClafferty 2007) and so adding P to crops that may reduce the bioavailability of Zn.  Phytate is 
a P storage molecule in cereal grains and is a strong chelator of minerals including Zn (IZiNCG 
2004). Phytate cannot be digested or absorbed by the human intestine tract, consequently minerals 
bind to it pass through the intestine unabsorbed (IZiNCG 2004). Myo-inositol hexaphosphate 
(phytic acid) consists of a ring of six phosphate ester groups and phytate is Mg, Ca or K salt of 
phytic acid. The phytate: Zn molar ratio of the diet has been used to estimate the proportion of 
absorbable Zn (Hotz and Brown 2004). 
Generally, keeping the phytate:Zn ratio lower than 15-20 by increasing Zn or reducing phytate 
concentrations improves bioavailability of Zn in the human body (Donovan and Gibson 1995). 
This could possibly be achieved through balanced crop nutrient requirements in the food 
production system in Zambia. Elsewhere, it has been shown in field trials that soil and foliar 
application of Zn reduced the shoot and grain P concentration with a corresponding reduction in 
phytate-to-Zn ratio (Erdal et al. 2002), hence presenting a potential benefit of increasing 
bioavailability of Zn in human diets. 
2.7 Conclusion 
The review of literature presented here examined the strategies of the agricultural systems to 
supply Se and Zn to improve intake in the Zambian population and the SSA community at large. 
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The major constraints appear to be infertile soil and climatic conditions. The role of balanced 
nutrients in crop production and human nutrition has been identified as important in improving the 
current scenario. 
The agronomic biofortification approach (as a complementary approach to genetic biofortificaton) 
offers a relatively easy, efficient and safe strategy to improve productivity and nutrient 
concentration of maize and wheat grain. Cereals are generally low in micronutrients compared to 
other food crops and thus cereal-dominated food systems, like those found in Zambia, are prone 
to produce grain low in micronutrients. 
The Zambian agricultural system would need to focus on producing healthy foods that meet energy 
and nutrient requirements of the entire population especially from commonly consumed foods. 
Moreover, diets in Zambia are less diverse than those in most developed countries leading to 
deficiencies in micronutrients especially iron, Zn, iodine, Se and vitamin A. 
This Review of Literature has identified a number of gaps in the knowledge that may slow 
improvements in Zn and Se concentrations in grain by agronomic biofortification:  
(i) There is little information on the extent and severity of Zn and Se deficiency in Zambia.  
To address this a survey of crops and grain from market places will be conducted. 
(ii) Nitrogen and S deficiency are common in Zambia, so to improve the effectiveness of 
agronomic biofortification programs, it is also important to understand how N and S 
nutrition affects Zn and Se uptake.  Experiments under controlled conditions will be 





 The Zambian grain surveys 
3.1. Introduction 
The survey results of the Zambian summer and winter crops are reported here with particular focus 
on maize and wheat grain Se and Zn concentrations. Wheat is grown under irrigation in winter 
following maize which is harvested in May to June. Where this rotation is practised farmers grow 
two crops in the year, otherwise only maize is grown as a rain fed crop with the start of the rains 
in November. 
Maize is the major staple grain in Zambia and is extensively grown by small scale and commercial 
farmers, who produce 70% and 30% of the national production, respectively, but it is susceptible 
to deficiencies of Zn and other minerals (St Clair and Lynch 2010). On the other hand, wheat is a 
minor crop and production is still relatively small, but it is increasing in importance as a source of 
calories and nutrients for the Zambian population. Wheat production is mainly concentrated along 
the railway line in zone 2 where it is cultivated under irrigation in winter by commercial farmers. 
An inadequate intake of micronutrients and the development of micronutrient deficiencies in the 
population as a result of over-dependence on staples such as maize, rice wheat and cassava that 
are low in micronutrients, have been reported in several studies but the problem is most common 
in developing countries (Bouis and Welch 2010; Cakmak et al. 2010; Lyons et al. 2004; Ortiz-
Monasterio et al. 2007). Most Zambian people depend on maize, and increasingly on wheat, and 
therefore it is important to know the nutrient composition of the grain they consume to assess the 
current intakes of these nutrients in the diet. 
Suboptimal intakes and low dietary diversity can lead to ‘‘hidden hunger” with serious 
consequences being poor health, including impaired brain function and mental development, 
diarrhoea, and reduced immunity to deadly infectious diseases, along with large economic costs 
to society (Branca and Ferrari 2002; Golden 1991; Grantham-McGregor and Ani 1999; 
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Ramakrishnan et al. 1999; Stein 2010; Welch and Graham 2004). 
Although evidence suggests that children under the age of five and women are most severely 
affected and nearly two-thirds of all the deaths of children in the developing world are associated 
with nutritional deficiencies, mainly from micronutrient deficiencies (Caballero 2002), it appears 
there has been little interest in micronutrient nutrition of crops in southern Africa, and Zambia in 
particular. Consequently, information on the nutrient status of staple crops is scarce. Both Zn and 
Se deficiency in the population are related to high consumption of cereal based foods with low 
concentrations of these micronutrients. It appears these deficiencies are related to the capacity of 
soils to supply adequate nutrients to the plant and subsequently to translocate nutrients to the grain 
(St.Clair and Lynch 2010). Many soils in Zambia have poor fertility, and Se is poorly available 
and Zn deficiency is common (Chirwa and Yerokun 2012; Melse-Boonstra et al. 2007). Therefore, 
it is likely that crops grown on these soils have low grain nutrient concentrations and yield (St.Clair 
and Lynch 2010). Micronutrient deficiencies in humans are reported to be common in Zambia 
(Gitau et al. 2005). To that effect, efforts to correct some of these deficiencies have been directed 
towards universal fortification of sugar and salt with vitamin A and iodine respectively 
(Serlemitsos and Fusco 2001). 
However, there is a challenge to increase micronutrient intakes through a cost-effective strategy 
to improve the health and development of the general population, especially rural and low-income 
segments of the population. Agriculture offers various promising and cost-effective strategies to 
contribute to the solution of Zn and Se deficiency problem in the country, but there has been no 
attention given to Zn and Se. 
The survey reported here was conducted to investigate the nutrient concentrations in maize and 
wheat grown and consumed in Zambia with a specific focus on Zn and Se concentrations of grain. 
The purpose of the survey was to gain an understanding of the degree and extent of nutrient 
deficiency in crops by using the grain nutrient concentrations as indicators of nutritional status, as 
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well as the role of N and S in enhancing adequate grain loading which may improve the intake in 
the population. The study consisted of two related approaches. First, a survey was conducted in 
which maize and wheat grains were sampled from the farms, referred to as “farm survey”. The 
second survey was of maize grain from the market place, called the “market survey.” The latter 
survey was conducted to provide information on the nutrient levels of grain bought and consumed 
by local populations. 
3.2 Materials and Methods 
A survey of maize and wheat crops in Zambia was carried out in the three agro-ecological zones 
in 2011 and 2012. Supporting information was collected which included production (yield) levels, 
climatic factors, soil reaction (pH) and management and farmer perceptions of productivity trends 
and constraints. Maize and wheat grains were sampled from randomly selected farms and a 
voluntary survey of production practices conducted through a questionnaire (Appendix 3.1). Maize 
was also collected from some open maize markets in the zones. 
The data on grain samples were collected from farmers’ fields in May 2011 and January 2012 for 
the market place. The farms surveyed included small and commercial scale farmers and farmers 
were interviewed to determine management practices used. All fields sampled grew hybrid maize 
and had been fertilised according to the Ministry of Agriculture recommendations. Cobs of maize 
(between 2 and 5) were sampled individual plants from at least 20 metres inside the borders of the 
fields, hand shelled, bulked together and sub-samples of grains were taken from the bulked grain 
for analysis. To minimise contamination, sampling sites close to roads or other dusty places were 
avoided. The pH of the plough layer (0-15 cm) was measured in the field from the sampling sites 
using a field pH testing kit. Contamination of the grain sample was minimised or avoided by 
handling with clean hands and sealing in envelopes. Wheat samples (approximately 100g) were 
sampled from bags in storage sheds. The number of bags sampled varied with the farm.  The areas 











Figure 3.1 Map of Zambia indicating areas covered in the farm and market surveys in 2011 and 
2012. 
 
Maize grains from markets were sampled from bags of maize publicly displayed for sale with the 
consent from the marketeers. It was thought that grain sold within the market place would reflect 
the composition of grain consumed by rural populations as well as the general population in the 
agro ecological zones. 
The grain samples were imported to Australia for analysis and were irradiated with UV light by 
quarantine authorities. The grain nutrient analysis was done by Waite Analytical Services, 
University of Adelaide, South Australia by the methods outlined in Wheal et al (2011). Briefly, 
the samples were dried in an oven for 48 hours at 80oC before they were ground and analysed 
using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) for macro and 
micronutrients. Selenium was analysed using ICP-Mass Spectrometry and N was analysed by the 
Dumas Combustion Technique using an Elementar Analyser. Nutrient measurements were 
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checked by using certified standard reference materials. The results are presented in mg/kg dry 
matter or percentage units. 
3.3 Statistical analysis 
The calculations of means and standard error of the means for the farm survey were performed 
and comparisons of mean concentrations for grain samples collected from the farm surveys and 
market places were performed using the Student T-test and Kruskal-Wallis one way analysis of 
variance to determine whether they were significant differences in crops and in the zones using 
Genstat.14th edition. Correlations were also performed on the samples for the relationships 
between pairs of nutrients. 
3.4 Results and discussion 
3.4.1 Farm survey 
The survey aimed at randomly collecting 50 maize and a few wheat samples since wheat was out 
of season at the time the surveys were conducted. A total of 42 samples were collected of which 
36 were maize and 6 were wheat samples. A number of farmers were unwilling to volunteer 
information on farming practices and so that aspect of the survey is incomplete. 
The main results from the on-farm survey regarding agronomic practices among the farmer 
categories are summarised in Table 3.1. Reliance on hand-hoeing, limited use of farm machinery 
and ability to buy inputs were the main limitations to area under crop and yields and which 
differentiated the categories of the farming community. These differences in area under cultivation 
also reflected the level of management of the crops in terms of planting practices and weeding 
(level of investment of financial resources). The use of herbicide was a common feature on the 
medium and commercial farms, whereas hand-weeding was the used on the small-scale farms. 
All the sampled fields had received inorganic fertilisers except one where organic fertiliser were 
being used. For this field, it was difficult to quantify how much N, P and K that was contained in 
the manure tea that was used. This field also grew open pollinated varieties. There were no 
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deliberate additions of the manure, use of agroforestry trees to improve fertility (e. g Gliricidia 
sepium and sunhemp) or use of organic residues observed on the rest of the farms, nor was 
deliberate addition of micronutrients such as Zn and Se reported for any field or crop. Crop 
residues were routinely burned annually to facilitate land preparation. 
Table 3.1. Characteristics of the areas used in the survey in 2011 indicating annual rainfall, 
soil pH and mean yields of maize and wheat crops in three agricultural zones of Zambia. 
Number of farmers in each category is shown in parenthesis. 















    (t/ha) (ha) (t/ha) (ha) 
1 Small scale (3) 660 5.5 2.5 3.0 
  
2 Small scale (6) 966 5.3 2.0 0.5 
  
2 Medium (2) 966 5.5 4.0 50.0 2.5 5.0 
2 Commercial (3) 966 5.8 8.0 3160 6.0 2500 
3 Small scale (4) 1133 5.0 2.5 1.0 
  
3 Medium (1) 1004 5.8 4.8 60.0 
  
A Based on field pH measurements. 
B Based on estimated average yields by farmers surveyed. 
C Based on typical area cultivated (farm). 




Rainfall data for the season 2010/2011 were collected from the Zambia Meteorological 
Department as most farmers did not keep a record of the annual precipitation on their farms. The 
pH ranged from 5.0 to 5.8 in the surveyed areas. The farmers rating of crop yields was low for the 
medium and small-scale farmers and they attributed the low yields to poor soil fertility, late 
distribution of fertiliser from the government, weed infestation and poor rainfall distribution within 
the growing season. The rainfall and pH trends are consistent with those reported in zones and 
most soils of Zambia, respectively. 
It appears that these conservative yield estimates were influenced by the availability and ability to 
purchase inputs such as hybrid seeds and fertiliser as well as area cultivated. Consequently, small 
scale farmers’ estimates are lower than those of either the medium (emerging) or a commercial 
farmer. The hybrid cultivars grown are selected based on duration of the growing season and 
rainfall. It appears that potential yield of the available maize cultivars is rarely obtained even in 
the best of seasons. The likely cause of these lower than estimated yields could be attributed to 
several factors but is likely to be mainly due to suboptimal nutrition status of the crops during the 
growing season. 
Studies in Zambia have shown that decline in soil fertility and yields could be as a result of 
continuous cropping, with most attention being focused on the macronutrients, mainly N (Lungu 
and Dynoodt 2008). The problem is widespread and increasing on intensively cultivated lands and 
requires to be counteracted with a more balanced plant nutrition approach for sustainable crop 
production. 
There was no intentional application of S and soil testing is only rarely done by medium sized and 
commercial farmers. Liming of the fields is also practised on some medium and commercial farms 
to increase soil pH, although not regularly. The typical rates of lime application are 0.25-1.08t/ha, 
but maintenance liming at the rate of 500 kg/ha every after three years is recommended (Lungu 
and Dynoodt 2008; McPhilips 1986). 
45 
 
This situation is likely to affect nutrient concentrations, especially among small scale farmers who 
are unable to carry out soil analysis over a long period of time. Therefore, imbalance/deficiencies 
in nutrients are likely to affect yield and quality of staple crops grown. This category of farmers 
mainly depends on the government support with subsidised inputs (fertiliser and seed) meant for 
the production of 1 ha of maize. Ideally, yields of 4-5t/ha is possible as most varieties have yield 
potentials of more than 6 t/ha (Mukuka 2013). 
The government inputs support to the farmers is meant to encourage maize production as a way of 
reducing rural poverty and ensuring adequate supply of the staple throughout the year. These inputs 
are distributed throughout the three agro ecological zones based on the Ministry of Agriculture 
recommendations. Sometimes seeds and fertiliser have not been distributed on time in the season 
due to poor road infrastructure during the rainy season, leading to either use of retained seed or 
delayed planting and late application of fertiliser. 
3.4.2 Mineral concentration analysis 
Means for the mineral element concentrations across the agro ecological zones and production 
categories from the farm surveys are summarised in Tables 3.2 and 3.3 for both crops. The analysis 
for N, S, Se and Zn of these cereal samples showed significant differences in the concentrations 
of minerals in maize and wheat grain using the Kruskal-Wallis test. There were variations in the 
concentrations among and within the zones in N, S, Se and Zn grain concentration, although these 





Table 3.2; Nutrient concentration in maize grain grown by small (n=19), medium (n=13) 
and commercial (n=4) farmers in the surveyed area. Data are shown as the means ± SD 
and the range of values is shown in parentheses. The critical concentration for grain is also 
shown 
Zone Farmer category Nutrient concentration in maize grain 








1 Small scale 1.5 ± 0.2 
(1.2-1.6) 
1092 ± 89 
(940-1160) 
21.9 ± 3.3 
(16-25) 
<2 
2 Small scale 1.2 ± 0.2 
(1.1-1.3 ) 
930 ± 85 
(870-990) 




2 Medium scale 1.5 ± 0.3 
(1.4-1.7) 
1100 ± 71.0 
(1050-1150) 




2  Commercial 
scale 
1.4 ± 0.2 
(1.2-1.7) 
1032 ± 98.2 
(850-1170) 
18.4 ± 4.0 
(13-20) 
4 
3 Small scale 1.4 ± 1.0 
(1.3-1.6) 
1085 ± 177.0 
(960-1210) 
17.6 ± 1.0 
(15-24) 
8 
3 Medium scale 1.4 ± 0.1 
(1.3-1.6) 
1093 ± 64.3 
(1020-1140) 
 
19.1 ± 1.4 
(15-16) 
6 
 Critical conc. 1.5A 2300B 27C 300D 
 
A Adriaanse 1992 B .Based on Robinson and Reuter 1997, C White and Johnson, 2003 D. Lyons 
pers.com 2012 Se is not essential for plant growth; there is no critical plant concentration per se. 
However, 300µg/kg can be considered a plausible target of grain Se concentration for optimising 




Table 3.3. Nutrient concentrations of nitrogen (N), sulphur (S), zinc (Zn) and selenium (Se) 
in wheat grain samples from the farm survey. All samples came from commercial farms 
(n=6) in Region 2. Data are shown as means ± SD and the range values in parentheses. 
Zone Nutrient concentration 
















A. Based on Robinson and Reuter, 1997 
The N, S, Se and Zn concentrations were lower in the maize than wheat. (Tables 3.2 and 3.3). 
Generally, wheat had a higher concentration of other nutrients such as iron, manganese, copper, 
calcium, P and K as well (Appendix Tables 3.2a, 3.2b). The concentrations of most samples also 
were below grain critical concentrations for K and P (Appendix Tables 3.2a, 3.2b). The results are 
in agreement with observations in the literature that wheat could be a better source of nutrients and 
is a better accumulator and source of Se than maize (Lyons et al. 2004). 
The Zn concentration levels in the maize grain ranged from 13 mg/kg to 25 mg/kg. These 
concentrations are consistent with the low ranges obtained in neighbouring Zimbabwe and also in 
China with mean Zn values of 23mg/kg and 18mg/kg for maize, respectively (Lyons et al. 
unpublished data 2008). However, the levels are lower compared to typical grain concentration of 
27-33 mg/kg Zn in maize in the United States of America (White and Johnson 2003) and much 
lower than the HarvestPlus final target contents for maize of 38 mg/kg (dry weight) (Bouis and 
Welch 2010). Harvest Plus baseline Zn concentration for maize is 30 mg/kg, indicating that the 
concentration of the grain samples is not adequate for adequate human nutrition. Other studies 
suggest that for adequate Zn nutrition of human populations, grain Zn concentrations should be 
even higher, for example at least 40 mg/kg (Cakmak 2008). 
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The N, S and Zn concentration for wheat was within the range of adequacy, being, 23-30 mg/kg 
Zn, 2 % N and 1200 mg/kg S (Reuter and Robinson, 1997). The analysis also indicates deficiency 
in K, adequate levels of Ca, P and moderate levels of micronutrients (Appendix Table 3.2b). A 
grain Se concentration of 300 µg/kg Se is an estimated ideal level for human and animal intake for 
adequate selenoenzyme activity (Lyons, pers.comm 2012), but all  values were well below 50 
µg/kg Se desired level in the grain (Lyons et al. 2004). However, as Se is not required by higher 
plants for growth, there is no critical concentration for it, unlike N, S and Zn. 
The deficient-marginal concentrations of N, S and Zn are more likely to be due to soil deficiencies 
as cultivar differences seem to be minor (White and Broadley 2005) and relatively stable over wide 
ranges of soil reaction (pH), rainfall, temperature and crop management levels. 
The relatively high yields on commercial farms for both maize and wheat grain appear to be as a 
result of a response to higher levels of N application. In commercial intensive agricultural systems 
application rates range from 200-400 kg N as top dressing at 6-8 weeks after crop emergence 
compared to half these rates or zero in small scale agriculture (Lungu and Chinene 1993). There 
were significant correlations between N and S, in both crops, but S and Zn was only significantly 
correlated in maize (Table 3.4). 
Table 3.4. Linear correlations between concentrations of nitrogen (N), sulphur (S) and zinc 
(Zn) in maize and wheat grains from the farm survey (P<0.05), NS = not significant) 
 S Zn 
Maize (n=36)   
N 0.651 NS 
S  0.395 
Wheat (n=6)   
N 0.991 NS 
S  NS 
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Correlations of a sub sample (n=8) that was analysed for grain Se concentration were also 
determined (Table 3.5) and indicated significant correlations between N and S, S and Zn in both 
crops but only S and Se in wheat was significantly correlated with a strong negative correlation 
evident. 
Table 3.5 Linear correlations between concentrations of N, S, Zn and Se in maize and 
wheat from the farm survey (P<0.05, NS=not significant) 
 S Zn Se 
Maize(n=8)    
N 0.795 0.733 NS 
S  0.817 NS 
Zn   NS 
Wheat (n=4)    
N 0.996 NS NS 
S  NS -0.907 
Zn   NS 
 
The results of the mineral analysis of the grain from the survey suggest S deficiency is widespread 
and adding S has the potential to be an economical way to improve yield and quality. The deficient 
S levels suggest that the crop responses to N fertiliser, to which most farmers has access, may be 
limited by the low supply of S. This is because changes in the S supply affect the N demand and 
vice versa and as such under conditions of S deficiency, the utilisation of nitrogen is reduced and 
consequently non-protein N compounds including nitrates accumulate (Matula 2004; Schnug 
1998). The deficient S status of the crops could also be indicative of low S-amino acids in the grain 




Table 3.6. The N:S of maize and wheat grain obtained in the surveyed areas in the agro, 
ecological zones. 
Zone Maize Wheat 
1 13-14  
2 14-15 14-15 
3 13-14  
Critical value A 7.5-9 16 
A  Based on Orman and Ok 2012, Robinson and Reuter 1997, Zhao et al 1999). 
The N: S ratio is a reliable indicator of S deficiency and in wheat an imbalance between N and S 
is indicated at ratios greater than 16 (Zhao et al. 1999). Values for the N:S ratio from the survey 
for maize and wheat (Table 3.6) are above the critical value for maize, indicating an S deficiency, 
and just below the critical level for wheat, suggesting the crops are approaching S deficiency. The 
absence high N: S ratio in maize and wheat grain suggests the poor S supply may be limiting the 
returns from the investment in N applications.  
The widespread S limitation suggested by these results could partly be due to continuous cropping, 
use of high yielding hybrids, the use of high analysis N, P, K fertiliser, failure to supplement with 
S and the annual burning of crop residues in the fields. This situation could be expected to rapidly 
deplete available S supplies in the soil. Potassium deficiency was also apparent (Appendix Table 
3.2a) and was probably due to leaching (Weil and Mughogho 2000). Similar trends have also been 
reported in Malawi (Weil and Mughogho 2000). The same researchers also add that in such 
situations, the S supply from organic matter mineralisation is inadequate and S fertiliser 
application would be required. 
Sulphur status has also an impact on the uptake and grain concentration of Zn. Sulphur and Zn are 
significantly correlated; hence, low status could limit grain Zn concentration. McDonald and 
Mousavvi-Nik (2009) reported that increasing S application (15-55 mg kg-1) raised wheat grain 
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Zn concentration by 40-50%. This is due to various physiological steps in plant tissues where S 
and N nutrition can act positively to promote high grain accumulation of Zn (Cakmak et al. 2010). 
In such cases S-Zn interactions can play an important role in plant nutrition and improving the 
grain Zn concentration. 
Sulphur is chemically similar to Se and because of this, plant uptake of S and Se are closely related 
(Mikkelsen and Wan 1990). Comprehensive reviews of the role of sulphate transporters and S 
assimilation enzymes and Se-molybdenum uptake and metabolism are given by Terry et al, (1998) 
and Kaiser et al. (2005). The Se levels in maize and wheat grain samples were low and ranged 
from less than 2µg/kg (below limit of detection) to 28µg/kg and a significant negative relationship 
between S and Se in the wheat grain was evident. 
The uptake of Se by plants and subsequently in the food chain is influenced by the chemical form 
and concentration of Se in the soil solution, redox conditions, pH of the rhizosphere and the 
presence of competing anions such as sulphate and phosphate (White et al. 2004). Given the 
antagonistic interaction between SO4
2-and Se6+ at low SO4
2- (Mikkelsen and Wan 1990) one would 
expect elevated concentrations of Se in the grain under the reported S deficient conditions, but this 
was not apparent.  However, the results of the grain Se concentration suggest the Se status in major 
soils in Zambia are low as well, and input of Se to the soil is generally non-existent as the fertilisers 
used do not contain Se. The fertilisation of crops with Se is a cost–effective method of enhancing 
the concentration of organic Se in the grain in order to increase Se intake of animals and humans 
(Lyons et al. 2005). Some common fertilisers that contain Se as an impurity include, ammonium 
sulphate containing up to 36 mg Se/kg, phosphate rock with up to 55 mg Se/kg and single super 
phosphate up to 25 mg Se/kg (Bisbjerg 1972; Swaine 1962; White et al. 2004). These levels could 
be utilised for agronomic biofortification with Se especially given the low P levels measured in 
the survey. However, these fertilisers are not commonly used in Zambia, and lack of investment 
in the rock phosphate fertiliser production even worsens the scenario. Rock phosphate deposits are 
abundant in Zambia in Zones 2 and 3 (Chileshe et al. 2000) and their agronomic effectiveness have 
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been reported (Damaseke et al. 1993).  
It appears the grain Magnesium (Mg), Ca, K, and P levels in the three agro-ecological zones are 
marginal to deficient perhaps due to sub-optimal fertiliser application and leaching (Appendix 
Tables 3.2a and 3.2b). Low nutrient retention is described as a severe constraint in zone III (high 
rainfall areas) to slightly deficient in zones I and II (low to moderate rainfall respectively) (Kalima 
and Veldkamp 1985). In addition, Lungu and Dynoodt (2008), observed a decrease in 
exchangeable bases (Ca and Mg) in the soil as a result of soil acidification and lack of liming. Soil 
acidity in Zambia increases with increasing rainfall received in the agro ecological zones, but 
appears to be further enhanced by the use of N fertilisers over a long time without liming. Use of 
gypsum in this case can be useful in supplying the deficient S and Ca in the farming systems. In 
general, balanced nutrition of field crops is an important prerequisite of plant production and 
quality. The knowledge of potential nutrient interactions in the soil and in the proper nutrition of 
crops would ensure a rational fertilisation programme. The Ministry of Agriculture 
recommendations indicate 200kg basal dressing of compound D (N=10, P=20, K=10 with traces 
of S and Zn) and top dressing of 200kg urea fertilisers.   
In all of the zones, it is clear that soils are subject to depletion of nutrients, hence N, S and Zn need 
to be applied for sustained high crop production. Nitrogen and S appear to be the most limiting 
and have most effect on the grain yield, Zn and Se grain concentrations. In the field S deficiency 
can be confused with N deficiency due to related functions in the plant, hence it has not received 
adequate attention. 
3.4 3 Market surveys 
The market survey had 31 samples that were collected from markets indicated in Figure 3.1. The 




Table 3.7. Concentration of N, S, Zn and Se from samples taken from selected market 
places in the three agro ecological zones in Zambia. Values are means ±SD and the range is 
shown in parentheses. 









1 (n=6) 1.0 ± 0.2 
(1.1-1.5) 
985 ± 105. 8 
(850-1010) 
20 ± 2.6 
(17-22) 
18 ± 7.7 
(12-33) 
2 (n=23) 1.0 ± 0.1 
(1.1-1.6) 
985 ± 99.7 
(700-1090) 
19 ± 2.0 
(15-23) 
26 ± 34.2 
(7.1-34.2) 
3 (n=2) 1 ± 0.1 
(1.3-1.5) 
1010 ± 127.3 
(920-1010) 
20 ± 0.01 
(19-20) 
21 ± 19.8 
(6.7-35) 
Critical Conc. 1.5 2300 27 300 
 
The analysis of grain from the market survey showed a similar trend to the farm survey: low Zn 
and Se levels were consistent with the values reported earlier from the farm. However, it is not 
possible to infer the management practices on the farms from which maize on the market came as 
the exact origin of the grain is not known since the grain can be transported from different farms 
to the market place; however, the bulk of it comes from small scale farms. 
Despite, the variations observed in grain concentrations, there are significant correlations between 
N and S (Table 3.8). These nutrient interactions are important for crop production and may have a 





Table 3.8. Linear correlations of N, S, Zn and Se in a grain Sample collected from some 
markets in the three ecological zones of Zambia. 
 S Zn Se 
Maize (n=31)    
N 0.493* 0.006ns -0.042ns 
S  0.111ns -0.066ns 
Zn   0.289ns 
 
Pairwise comparisons of nutrient concentrations among the regions revealed that the average 
concentrations of N, S, Zn and Se in the grain samples in the 2 surveys were not significantly 
different from each other and therefore the samples could be considered to have come from the 
same population using the Kruskal-Wallis test (2=13.96, p< 0.001). Therefore, the maize samples 
from the farm survey and market survey were combined. Table 3.9 shows quartile values of the 
concentrations in the maize and wheat crops grown and consumed in Zambia. 
Table 3.9 Quartile values for the Zn, S and N concentrations of combined farm and market 
maize and wheat grain  in the survey areas of the three agroecological zones of Zambia  
Maize Nutrient concentration 
N (n=67) S (n=67) Zn (n=67) Se (n=39) 
(%) (mg/kg) (mg/kg) (µg/kg) 
Q1 1.3 970 17 9 
median  1.4 1030 19 16 
Q3 1.5 1100 21 21 
maximum value 1.7 1240 26 48 
Wheat (n=6)     
Q1 1.6 1218 25 7 
median  2.0 1335 26 8 
Q3 2.1 1423 37 9 
maximum value 2.2 1480 41 14 
 
All the samples were deficient in S, 75% were deficient in N, 97% were deficient in Zn and all 
were below the reported levels of Se in literature (see TableS 3.2 and 3.3a for critical 
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concentrations). In Zambia, like most countries in Southern Africa, more than 50% of energy 
intake comes from maize. Based on FAO (2009) a mean energy intake of 1879 kcal/person/day is 
consumed, equating to 0.316 kg /person/ day and an overall median grain Se concentration of 
0.016 mg/kg from the all the samples analysed (n=39), the estimated median Se intake from maize 
is 5.1µg Se per person day. However, since food consumption data are based on national per capita 
supplies which will overestimate food intake due to wastage during storage and cooking (FAO 
2009), Se intakes are likely to be lower than estimated. In neighbouring Malawi, a country with 
similar consumption patterns (Chilimba et al. 2011), and where Se from other food sources have 
been analysed, contribution to the daily diets of the people of such sources were low (Erik 2007) 
and consequently suboptimal Se intake appears to be widespread in Zambia. 
Therefore, given the critical of role Se and Zn in human health and that the soil to grain Se and Zn 
transfer is primarily determined by soil available Se and Zn, addressing these suboptimal intakes 
through agronomic biofortification appears to an inexpensive and sustainable intervention with 
immediate positive impact on the health of the general population (Lyons et al, 2004). 
3.5 Extent and degree of mineral deficiency in maize and wheat in Zambia 
The results of the survey of mineral concentration of the maize and wheat presented in this study 
show that current nutrient status of the crops is low to deficient for maize and moderate to adequate 
for wheat for grain Zn concentration. However, both crops are deficient in S and Se concentration. 
The yields and nutrient concentrations in the grain appear to be affected by low available S content 
in the soil. In a field trial conducted during the period 1963-1964 a remarkable response to S was 
observed using the highest rate of 140 kg/ha of ammonium sulphate (McPhilips 1986), but since 
S fertilisation have not been supplemented over time S available levels in the soil have declined 
as reflected in grain concentrations and the high N: S ratios, which indicated an N-S imbalance in 
maize. 
The findings are consistent with other reports on the mineral (N, Zn, S, Se) status of most soils in 
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Zambia. Low S grain concentration is in agreement to the low S reported in the soils in Zambia 
(Tsuji et al. 2005) and could limit crop productivity. In addition, S deficiency can affect the quality 
of the produce as S is part of the S amino acids that form protein such as methionine, cysteine and 
cystine (Malhotra 1998). Furthermore, S amino acids are precursors of nicotianimine that is 
involved in the transport of micronutrients including Zn and Fe (McDonald and Mousavvi-Nik 
2009; Zeng et al. 2010). 
Sulphur deficiency appears to be widespread in SSA but has received little attention and in Zambia 
it is difficult to estimate the extent of S deficiency because the determination of S content in soil 
was not regularly conducted. However, some early reports have indicated S deficiency and 
significant responses to S in maize have been reported in western Kenya (Allen 1976), in 
Zimbabwe and Nigeria (Grant and Rowell 1976; Kang and Osiname 1976) and Zambia (McPhilips 
1986). It is not surprising that in Zambia S deficiency is becoming increasingly common on land 
continuously cropped for food production due to the reasons outlined in the preceding paragraphs. 
The Se concentration is lower than the target Se levels reported in literature and is consistent with 
the reported low Se levels in the country and the Southern African region. For example, Melse-
Bonstraa (2007) observed widespread Se deficiency in most Zambian soils and selected crops, 
while similar results have been reported in Malawi (Chilimba et al. 2011). The findings reported 
here may have important implications for human nutrition as sub-optimal intakes are likely given 
the narrow food choices available to the populations; consumption of maize is high and that of 
animal products (meat, milk and eggs) are typically low, especially for the low-income populations. 
The Recommended Daily Allowance for an adult person is 15 mg per day for Zn, though the 
Zambian Food and Nutrition Commission have set this at 12 mg per day. An intake of Se of 50-
70 µg per day has been recommended in most countries (Chilimba et al. 2011).  
However, in the light of the evidence presented here, and given limited food choices, there may 
be a problem in achieving this level from the current grain concentrations. Therefore, maize and 
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wheat agronomic biofortification with Zn and Se could have an immediate role in improving intake 
levels. One of the reasons for the survey was to investigate the limitations to yield and grain Zn 
and Se loading, and therefore to predict whether there could be a response to N and S. 
Therefore, the low-deficient levels of N, S and Se and Zn could indicate that a response may be 
expected if plant nutrition is improved. In the Zambian context this can be achieved by 
encouraging the use of mixed fertilisers (e.g. as part of the farm input subsidy program) containing 
NPKS and Zn/Se by small scale farmers, commercial farmers and organisations. There is a 
potential for increasingly widespread S limitation to crop production in Zambia. Further research 
to better define the extent and degree of S limitations where continuous cultivation of the crops is 
practiced is necessary. Correcting S nutrition may exacerbate the low Se content of the grain and 
hence a need to balance the nutrients. 
Therefore, the growth room experimental work described in the following Chapters was carried 
out with the main objective to examine the role of N and S and their interactions in the agronomic 











Effects of N and S nutrition on the uptake of Zn and Se in maize 
4.1. Introduction 
The Zambian grain survey suggested widespread S deficiency, moderate levels of N, and low Zn 
and Se concentrations which indicated that suboptimal intakes of Zn and Se in the Zambian 
population was likely. Nitrogen is the major nutrient applied to grain crops in Zambia, with S 
applied less often. However, the level of N nutrition can influence uptake of S and Zn and there 
are also well-reported interactions of S with Zn and Se (see Chapter 2). Understanding these 
interactions will be an important aspect of improving productivity and nutritional quality of grain 
crops in Zambia. Two experiments were conducted at the University of Adelaide, Waite Campus 
with a view of evaluating N and S interactions and their influence on the vegetative growth and 
grain loading of Zn and Se in maize and wheat, respectively. Maize is the main grain consumed in 
Zambia, however the growth room facilities at the time did not allow maize to be grown to maturity 
and so it was decided to examine the responses in a short-term experiment. On the other hand, 
wheat could be grown successfully to maturity, which allowed responses in yield and grain nutrient 
concentrations to be examined. Therefore, the first experiment looked at uptake in vegetative tissue 
by maize plants (Chapter 4) and the second experiment (Chapter 5) examined uptake into the grain 
in wheat.   
The nutrient concentrations of Zambian staple food crops need immediate improvement in order 
to supply adequate amounts of Zn and Se to consumers. Nitrogen and S supply could enhance 
yield and improve quality of the grain protein which is a sink for Zn and Se (Cakmak et al. 2010; 
Kutman et al. 2011; Pearson et al. 2009). Nitrogen, S, Se and Zn are part of various proteins and 
have been documented to share similar transporters (S and protein transporters) and are easily 
transported through the xylem and the phloem by similar mechanisms (Huang et al. 2000; Uauy 
et al. 2006). Nitrogen and S nutrition therefore can have a profound influence on the uptake, 
translocation, remobilisation and grain loading of Zn and Se from the soil and into the plant as 
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well as movement of these nutrients to the edible portions of the plants and/or within the plant. 
Therefore, vegetative mobilisation and remobilisation of nutrients to the grain is important and 
essentially the foundation of agronomic biofortification (McDonald and Mousavvi-Nik 2009). 
The low dietary intake of Zn and Se is considered to be the major reason for the prevalence of 
micronutrient deficiencies in human populations (Bouis and Welch 2010; Cakmak et al. 2010; 
White and Broadley 2009). Most of these deficiencies however, occur in developing countries 
because cereals like rice, maize, sorghum and wheat, which have low micronutrient concentrations 
in the grain, dominate the calorie intake and because other dietary sources of Zn and Se are limited. 
In Zambia, the problem is exacerbated by large areas of infertile soils from which uptake of Zn 
and Se is low. 
The major source of the nutrients for plant growth is the soil, and specifically the amount of plant-
available nutrients. However, there is abundant evidence in the literature to suggest that in most 
soils positive interactions are obtained by applying a balanced combination of fertilisers to obtain 
favourable yields and adequate grain nutrients concentrations. Crops may respond to application 
of N and Zn fertilisers and not Zn alone if N is limiting growth (Alloway 2008) and a combination 
of S and Zn fertilisation may increase concentration of Zn in the grain of cereal crops to enhance 
and improve human health (Orman and Ok 2012). 
Similarly, S is an important determinant of Se uptake and transport in plants. Studies on crop and 
pasture plants show that increasing soil sulphate levels decreases Se uptake and transport (Hopper 
and Parker 1999; Ylaranta 1990). However, in the Zambian scenario, where both S and Se 
deficiency are apparent, application of S to overcome chronic S deficiencies may limit uptake of 
Se and may exacerbate low Se concentrations in the grain. In this case both S and Se need to be 
applied to improve uptake. 
The experimentation in this Chapter deals with evaluation of maize plant uptake of Zn and Se as 
well as the role of N and S in the vegetative loading of nutrients and concentration of N, S, Se and 
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Zn for enhanced yield and improved Se and Zn concentrations. These results may be valuable in 
understanding the importance of these interactions for a balanced fertiliser recommendation 
programme to enhance maize grain N, S, Se and Zn concentrations and uptake. 
4.2 Materials and methods 
The experiment was conducted in a growth room equipped with an evaporative cooling system, 
with the temperatures adjusted to simulate those of the maize and wheat growing areas in Zambia. 
Plants were grown at 24 o C/15 o C day and night temperatures, while the day-length was 
maintained at 12 hours. The plants were grown under a light intensity of 500-800 µmol quanta/m2/s 
using high pressure sodium lamps (Philips SON-T Agro 400W). 
4.2.1 Soils and nutrient treatments 
The soil used in the experiments was obtained from a small cattle farm between Mylor and 
Echunga, 20km south–east of Adelaide. The farm has an average annual rainfall of 725 mm/year. 
The soil was chosen for use in the experiment because it was a leached sandy acidic soil similar to 
those found in parts of Zambia. It was thought to be low in Zn, despite having a history of fertiliser 
application, including Zn and Se. The field had been under a permanent pasture of mixed grasses 
and legumes for 10 years. Comparison with one of the benchmark soils at the University of Zambia 
Farm (a clayey, kaolinitic, isohyperthermic, Oxic Paleustalf; Soil Survey Staff 1975) indicates that 
the soil from Echunga had a similar pH, lower mineral N, but higher organic C, phosphorus (P), 
potassium (K) and Zn (Table 4.1). 
The experiment was a factorial combination of N, S and Zn+Se treatments each at two levels. The 
Zn+Se treatment was combined into a single treatment rather than examined separately as they are 
not likely to interact and Se should not influence growth. These treatments received a basal 
application of N, P and K as well as trace elements besides Zn (Table 4.2). In addition a control 
treatment (no additional nutrients) and a basal treatment (only N, P and K) were included. The 
control and the basal treatments were included to assess the value of the basal nutrients and the Zn 
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and Se on plant growth because of the history of fertiliser use, which had resulted in relatively 
high levels of some nutrients in the soil. The basal and other micronutrients expressed as equivalent 
amounts (kg/ha) are indicated in Table 4.2. The N and Zn supply levels referred to as high levels 
in the study represent normal commercial rates. The low Se level represents a plausible application 
for agronomic biofortification of cereal grain while the high level is included for comparison and 
may produce crops with Se levels higher than ideal for human consumption. Before sowing, all 
the nutrients were applied in solution and homogeneously incorporated into 1.8 kg of soil in plastic 
lined pots (10 cm diameter).  
The composition of the basal macronutrients supplied was: 70.4 mg/pot phosphorus in the form of 
Ca2 (H2PO4). H2O, 80.7 mg/pot MgCl2.6H20, 84.5 mg/pot KNO3 as basal dressing. As well, a basal 
micronutrient treatment was applied to pots. These were applied as 3.32 mg/pot MnSO4.4H20, 
3.21 mg/pot CuSO4.5 H20, 4.59 mg/pot H3BO3, 0.138 mg/pot Na2MoO4.H2O and 3.3 mg/pot 
Fe2SO4.7H20. Nitrogen was applied as low or high treatments at 88.8 mg/pot and 177.6 mg/pot 
urea, respectively, S was applied at 110.9 mg/pot and 221.8 mg/pot CaSO4 for the low and high S 
treatments, while Zn was applied at 0.29 mg/pot ZnSO4.7H2O for low or 8.97 mg/pot ZnSO4.7H2O 
for high treatments and 2.4 g Se for low and 12 g Se for high treatments were applied as 
Na2SeO4 (sodium selenate). The basal and other micronutrients and equivalent amounts per ha are 










Table 4.1. Characteristics of the soil used in the experiment compared with a soil from 
Zambia commonly used for maize production 
Soil Property Adelaide soil Typical 
soil 
(Zambia)A 
Texture Sandy-loam Fine-loam 
Ammonium Nitrogen (mg/Kg) 8.5 47.0 
Nitrate Nitrogen mg/Kg 19.5 38.0 
Phosphorus Colwell mg/kg 69.5 29.8B 
Potassium Colwell mg/Kg 134 3.0 
Sulphur mg /Kg 10.1 - 
DTPA Copper mg/kg 











Exch. Calcium cmolc/kg 
Exch.Magnesium cmolc/kg 
Exch.Potassium cmolc/kg 









pH (H2O), 6.1 6.6 
pH (CaCl2) 5.2 5.5 
Organic carbon (%) 2.4 1.6C 
A Source: Chinene ( 1984). 




Table 4.2. The equivalent rates of N, P, K, Zn (kg/ha) and Se (g/ha) applied as treatments 
in the experiment. 
Treatmen
t 
N P K S Mg Zn Se Fe Mn Cu B Mo 
Control - - - - - - - - - - - - 
Basal 17.5 30 40  25 - - - - - - - 
Low N 50    25   2 1 1 1 0.1 
High N 100       2 1 1 1 0.1 
Low S    40    2 1 1 1 0.1 
High S    80    2 1 1 1 0.1 
Low Zn      0.1  2 1 1 1 0.1 
High Zn      2.5  2 1 1 1 0.1 
Low Se       3 2 1 1 1 0.1 
High Se       15 2 1 1 1 0.1 
 
4.2.2 Experimental layout 
The experimental lay out was a completely randomised block design with three replications. Three 
seeds of the white maize variety Pioneer 3287W were sown in each pot and 5 days after emergence, 
the plants were thinned to 2 per pot. After prior determination of field capacity, the soil was 
maintained at 100% field capacity by weighing and watering using deionised (18 MOhms 
resistivity) water daily. The plants were harvested when seedlings were 4 weeks old. 
4.2.3. Measurements 
Just before the final harvest, photosynthesis and transpiration measurements were conducted on 
the plants using an infrared, open gas exchange system LI-6400 (Li-Cor, Inc., Lincoln, NE, USA). 
Measurements were taken on the last fully expanded leaf on two plants per pot at a CO2 
concentration of 400µmol/mol and a PAR of 800µmol/m2/s using the inbuilt light source. 
Measurements were taken 2-4 hours after the lights came on. 
At harvest the heights of the plants were measured from the ground to the tip of the longest leaf 
using a metre rule before they were cut at ground level and then dried at 75oC for 48 hours and 
weighed. The dried plant material was ground to pass a 2.0 mm sieve before analysing the whole 
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shoots for nutrients. Budgetary restrictions meant that only a subset of samples could be analysed 
and nutrient analysis was done on two of the three replicates. Mineral concentrations of the shoot 
were determined by chemical analysis using the ICP-AES methods as outlined in Wheal et al. 
(2011). Selenium was analysed using ICP-Mass Spectrometry and N was analysed by complete 
combustion using an Elementar N analyser, which uses the Dumas method to measure total N in 
plant tissue. Nutrient measurements were checked by using certified standard reference materials. 
The values were reported as mg/kg units or percentage. The total uptake was estimated by 
multiplying the concentrations of the mineral nutrients in shoot parts by the dry weight of each 
treatment. 
4.2.4 Statistical analysis. 
Data analysis was performed using Genstat (14th edition) statistical software. The structure of the 
experiment was a control and basal treatments plus a factorial combination of N, S and Zn+Se 
treatments. The analysis of variance (ANOVA) compared (a) the control and basal treatments with 
the N, S and Zn+Se fertilised treatments and (b) the main effects and interactions between the N, 
S and Zn+Se treatments. All reported values are means of the three replicate pots except the 
nutrient analysis which were based on 2 replicates. Treatments means, when significant effects 
were evident were compared using LSD tests. Simple linear correlations were used to examine 
associations between variables. 
4.3 Results 
4.3.1 Photosynthesis and plant growth. 
There were few significant treatment effects (Appendix Table 4.1) and these occurred between 
additional basal fertilisers and main effects of N (Table 4.3). There was significant difference in 
the photosynthetic rates between the control and basal fertiliser treatments, with additional 





Table 4.3. The photosynthesis rate (mmol CO2/m2/s) of the last fully expanded leaf of maize 
grown under different combinations of fertilisers. The fertiliser values are the average of 
the S and Zn+Se treatments as there was no significant interaction with N.  Values are 
means of three replicates. 
Treatment Low N  High N 
Control  10.9  
Basal  9.2  
Fertiliser 11.5  15.1 
LSD (P<0.05)  0.94  
 
However, photosynthesis rates increased with increasing N supply and were greatest at the high 
rate of N. The transpiration rate and stomata conductance were significantly affected by the 
addition of N and micronutrients Zn and Se There was no significant difference between the 
control and basal treatment in both transpiration rate and stomata conductance. However 
increasing the N and micronutrient supply increased the transpiration rate and stomata conductance   
(Tables 4.4 and 4.5). A summary of the treatment effects is presented in Appendix Table 4.1. 
Table 4.4. The effects of N on the (a) transpiration rate (mmol/m2/s) and (b) stomata 
conductance mol/m2/s of maize grown under different fertiliser treatments. The Fertiliser 
values are the average of the S and Zn+Se treatments as there was no significant 
interaction with N.   
Treatment Low N  High N Low N  High N 
 (a) Transpiration (b) Stomata conductance 
Control  1.7   0.08  
Basal  1.5   0.07  
Fertiliser 1.8  2.2 0.08  0.10 
LSD (P<0.05)  0.34   0.02  
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Table 4.5. The effects of micronutrients Zn+Se on the(a) transpiration rate (mmol/m2/s) 
and (b) stomata conductance (mol/m2/s) of maize grown under different fertiliser 
treatments. The Fertiliser values are the average of the N and S treatments as there was no 









 (a) Transpiration (b) Stomata conductance 
Control  1.7   0.08  
Basal  1.5   0.07  
Fertiliser 2.1  1.8 0.08  0.10 
LSD 
(P<0.05) 
 0.34   0.02  
 
Table 4.6. The effect of S and micronutrient treatment on the height of maize. Values are 
averaged over the N treatments as there was no significant interaction with S and Zn+Se. 
Treatment Low S  High S 
Control  18.9  
Basal  19.3  
Low Zn+Se 19.5  18.2 
High Zn+Se 19.1  20.3 
LSD (P<0.05)  0.57  
 
There were few significant treatment effects on plant height (Appendix Table 4.2) and the only 
significant interaction occurred between S and micronutrients (Table 4.6). However, even though 
they were significant, the effects on height were relatively small. There was no significant 
difference in height between the control and basal treatments and between the basal and low S 
67 
 
treatments. At low S there was no significant effect on height but at high S there was a  
 
Table 4.7. The effect of N and micronutrient treatment on the shoot dry matter (g/pot) of 
maize. Values are averaged over bot S treatments as there was no significant interaction 
Treatment Low N  High N 
Control  4.61  
Basal  5.31  
Low Zn+Se 6.18  7.50 
High Zn+Se 6.97  7.27 
LSD (P<0.05)  0.435  
 
significant increase in height. The maximum height was attained when S supply was high in 
combination with high supply of Zn and Se. 
Applying additional nutrients above the control and basal treatments significantly increased the 
shoot dry matter of maize and this was the largest influence on dry matter (Appendix Table 4.2). 
There were no significant effects of S treatment on the dry matter but in general N increased dry 
matter (Table 4.7), but the response depended on the amounts of micronutrients supplied. When 
the supply of Zn and Se was low, adding N significantly increased shoot dry matter by 21% 
whereas at the higher rate of micronutrients supply, there was no significant effect of additional N. 
Maximum growth was achieved if the supply of N was high. 
4.3.2 Shoot nutrient concentrations 
With the exception of the nutrients of interest (N, S, Zn and Se) the concentrations of the other 
nutrients were not significantly affected by the treatments and all the values, except copper, were 
above the critical level (Appendix Table 4.3). The nutrient analysis indicated a number of 
significant interactions of S and N with micronutrients Zn and Se (Appendix Table 4.4). There 
were few significant treatment effects of N and the only significant interactions occurred between 
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N and micronutrients (Table 4.8). There was a significant difference in the concentration of the 
Control and the Basal fertiliser treatment. Additional nutrients increased N concentration. 
However, increasing the N supply when the micronutrients Zn and Se were low reduced N 
concentrations by 24% whereas at the higher rate of micronutrient supply, there was no significant 
effect of additional N.  
Table 4.8. The effects of N and micronutrient treatment on the whole shoot N 
concentration (%) of maize. 
Treatment Low N  High N 
Control  1.21  
Basal  1.76  
Low Zn+Se 1.84  1.39 
High Zn+Se 1.54  1.80 
LSD(P<0.05)  0.29  
 
The effects of the Basal treatment and the micronutrient effects on the concentration and uptake 
of S are shown in Figures 4.1 and 4.2. There was no significant difference in the S concentration 
between the control and basal treatments but applying nutrients above the basal levels increased S 
concentration in the shoot (Figure 4.1a). The S concentration in the Control and Basal treatments 
suggested S deficiency.  
In addition the rate of Zn+Se applied to the soil increased the S content significantly by over 70% 
compared to the low rate of S (Figure 4.1b). This effect was not solely due to the additional S 
applied at the higher rate of Zn (which was applied as ZnSO4.7H2O) as the increase in total shoot 
S was approximately 7 mg/plant (Figure 4.1b), which was much higher than the S applied in the 





Figure 4.1. The effects of additional Zn+Se on the whole shoot S concentration and content in 
Maize. LSD (P<0.05) =486 mg/kg and 3.22mg/pot, respectively 
 




Figure 4.2 shows the relationship between shoot S concentration and plant growth. The Control 
and Basal treatments show low S and in general plant growth responds to increases in shoot S 
concentrations with maximum growth appearing to occur around a S concentration of 1500 mg 
S/kg.  
The concentration of Se in the whole shoot showed a number of significant interactions with N, S 
and Zn+Se treatments (Appendix Table 4.4). The effects of N, S and Zn+Se treatments on the 
concentration of Se are shown in (Table 4.9). There was no significant difference between the 
Control and Basal treatment in the Se concentration. However, there was a complex interaction 
between the levels of N, S and the micronutrients Zn+Se on the Se concentration. Increasing S 
supply above the Basal nutrients when the Zn+Se concentration were low had no significant effect 
on the concentration of Se. However, increasing S when N was low significantly halved the Se 
concentrations whereas there was no significant effect of S treatment when N was high. Increasing 
the Zn+Se supply when the S and N supply were low also resulted in high Se concentration. 
Equally when S was low and N was high additional Zn+Se increased the Se concentration. 
Table 4.9.The effects of N and S on Se concentration (mg/kg) of whole shoot maize 
Treatment Low Zn+Se  High Zn+Se 
Control  0.09  
Basal  0.07  
Low S, Low N 0.06  39.50 
Low S, High N 0.09  36.51 
High S, Low N 0.08  18.96 
High S, High N 0.27  36.08 





There were few significant treatment effects on the N:S ratio (Appendix Table 4.4). There was no 
significant difference between the N:S ratio of the Control and Basal treatments (Table 4.10). 
However, the N:S ratio of the treatments was significantly reduced by adding additional Zn+Se . 
Table 4.10 The effects of micronutrient Zn and Se on the N:S ratio. Means are averaged 
over the N and S treatments as there was no significant interaction. 
Treatment Low Zn+Se  High Zn+Se 
Control  12.93  
Basal  14.86  
Fertiliser 11.22  6.71 
LSD (P=0.05)  3.22  
 
There was no significant correlation between N and S, but significant correlations were observed 
between N and Zn nutrients and between S and Se, S and Zn, and S and N:S ratio, as well as 
between S and Se content and S and Zn content (Table 4.11). Both Se and Zn concentrations were 
significantly correlated with S and N content, Se does not promote growth, and uptake will be 
more strongly be affected by Se concentration than Zn because Zn can affect both growth and 
uptake as expected. 
Table 4.11. Correlations between maize whole shoot concentrations of N, S, Se and Zn 
(P<0.05), NS indicate not significant. 
(N=20) S Se Zn N:S ratio Se content Zn content 
N NS NS 0.71 NS NS NS 
S  0.88 0.46 -0.84 0.87 0.47 
Se   NS 0.36 0.99 NS 





Even though the fertility of the soil was higher than one would have wished, the soil was still 
responsive to additional nutrients. This may imply that the nutrients may not have been plant 
available to meet plant requirements, and may reflect that the plants were grown in small pots 
where the nutrient demand can be high relative to the supply. The shoot dry matter yield and 
concentrations reported here indicated positive influences of N, S and Zn to plant growth. The 
primary function of photosynthesis is to supply the carbohydrates necessary for growth and 
biomass production of the crop (Hossain et al. 2012). The increased photosynthesis rate which 
may have resulted in production of high biomass was apparent generally with increasing N. The 
increases in shoot dry matter yield became more positive when the N rate increased and stimulated 
greater growth. A similar observation was also reported in other work (Salvagiotti and Miralles 
2007). 
Photosynthesis provides carbohydrates for growth and influences biomass production, which is 
positively related to plant height (Li et al. 2009; Malik et al. 2007, Reddy and Matcha 2010). 
Therefore, in the data described here, highest total biomass and plant height were associated with 
high photosynthetic rates: these occurred when S, N and micronutrients were high respectively. 
Nitrogen and Zn+Se interactions resulted in an increase in biomass yield of the shoots; both 
additional N and S increased shoot dry matter under low Zn+Se, while a high S supply increased 
plant height under a high supply of micronutrients  
Nitrogen and S fertiliser treatments had marked effects on the concentrations of N, S, Se and Zn. 
No significant interaction between N and S rates was observed, both N and S had a positive effect 
on either biomass yield or height and concentration respectively, but the response to each fertiliser 
was independent of the other and was influenced by the level of micronutrients supplied. Therefore 
S and N are both required to be applied to obtain good yield and concentrations and are in good 
agreement with work reported in Ercoli et al, (2012). Increasing N supply under low micronutrients 
Zn and Se resulted in decreased concentration of N. However, increasing the N supply under high 
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Zn+Se resulted in increased N concentration. Recently, it has been reported that grain 
concentrations of Zn can be enhanced by N supply and that Zn and N have a synergistic effect on 
grain N and Zn concentration in durum wheat, but the strength of the Zn-N correlation is dependent 
on sufficiently high Zn availability to the plants and may be lost under low soil Zn (Kutman et al. 
2011). This observation could also explain why there was no significant correlation between grain 
N and Zn in the grain survey (Chapter 3) in maize and wheat. The insufficient amount of plant 
available Zn in the soil or plant tissues in Zambia may limit the effects of the enhanced sink activity 
from the increased protein concentration and consequently the positive Zn-N correlation and the 
increase in Zn concentration in the whole grain from additional N is not observed.  
The positive effect of increasing N supply on Zn uptake were also apparent, supporting earlier 
observation that N nutrition can enhance Zn uptake (Cakmak et al. 2010). Enhanced Zn uptake is 
a foundation for increased grain Zn concentration, in addition to remobilisation of Zn into the grain, 
and essentially should be taken into consideration when both yield and high grain Zn 
concentrations are targeted (Kutman et al. 2011). This observation is in agreement with the data 
reported here as significant positive correlations indicated sufficiently high Zn availability to the 
plant. Although the soil had high background Zn an increase in Zn uptake was apparent with 
increased application of Zn in combination with N and S. This suggests that N and S could enhance 
Zn availability. Sulphur concentration significantly increased with the additional S and Zn+Se 
supply at all rates and was significantly correlated to plant growth (Figure 4.2). The data suggested 
a critical level for S within the range of 1500-2000mg/kg which is comparable to the reported 
critical value for growth stage (V4) 28 days after emergence maize of 2100 mg S/kg (Reuter and 
Robinson 1997). 
The concentrations of Se and Zn were significantly correlated to S concentrations in the shoot, 
while N was significantly correlated to Zn concentration (Table 4.11). The positive correlation 
between S and Zn, S and Se and N and Zn implies that S and N could play a critical role in 
enhancing Se and Zn concentrations in plants. Sulphur increased both Zn content and 
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concentration in the shoot dry matter. This may indicate that the level of S can affect the uptake of 
Zn into vegetative tissue and its subsequent deposition in the grain. This effect is in good 
agreement with previously published data in which S and Zn concentration has been correlated 
and has inferred a link between S and Zn and/or protein transporter (McDonald and Mousavvi-
Nik 2009). In addition the dominantly positive correlations of S with other nutrients like K and 
Mo (data not shown) may imply that S play a role in the uptake of other macro and micronutrients 
and consequently increased density (Rengel et al. 1999). Potassium and Mo were equally deficient 
in the Zambia survey (Appendix Table 3.1a). 
In the case of S and Se it is thought that the competition between S and Se for assimilation into 
amino acids and proteins may account for the strong correlation between these nutrients 
(Mikkelsen and Wan 1990). The toxicity of selenate is progressively reduced by the presence of 
increasing sulphate in the rhizosphere solution (Mikkelsen et al. 1989) because high sulphate 
concentrations in the rhizosphere reduce selenate uptake and because they lower the Se/S quotient 
and the relative incorporation of selecysteine and selenomethionine into proteins (White et al. 
2004). Based on this data, it appears too that high S may not reduce Se where N is also high. An 
antagonistic relation between S and Se has been documented in plants (Lyons et al. 2004) and in 
the low N treatment, increasing S rate significantly halved Se concentration, but this did not occur 
when the N rate was also high (Table 4.9). The peculiarity of Se compared with other metals is its 
high chemical/physical similarity to S and for this reason Se compounds follow the same metabolic 
routes as S compounds (Birringer et al. 2002; Mapelli et al. 2011). Furthermore, White et al (2004) 
showed a complex dependence on the ratio of selenate to sulphate. They indicated that rhizosphere 
selenate promotes sulphate uptake, possibly by preventing the reduction in the abundance and /or 
activity of sulphate transporters by sulphate and /or its metabolites. Perhaps, due to this tight 





Our data indicate an increase in S under high Zn+Se supply, i.e. S concentration in the shoot was 
almost doubled by the high Zn+Se application in high S and even then S is low (Figure 4.1a). The 
effect may be associated with the increase in Se supply as the response is in agreement with 
findings reported in barley and rice that shoot S concentration increased with increasing 
concentrations of solution of Se (Mikkelsen and Wan 1990); however, this synergistic response 
was mainly found when S was at low concentrations in the treatments. Interestingly, this 
observation is in agreement with other reported studies (Banuelos et al. 1990; Saurez et al. 2003). 
Selenium content however was not affected by the presence of S and Se content in the shoots was 
commensurate with the rate applied, perhaps due to the moderate levels of S and low N in the 
study. Detailed studies will be required before a complete explanation of this phenomenon can be 
given. 
4.5 Conclusion 
The results of the study conducted under growth room conditions showed that a sufficiently high 
N and S supply is a critical factor in increasing concentration of Zn in the vegetative tissue. 
Therefore may speculate that increasing the vegetative concentrations could ultimately increase 
grain Zn concentrations. Sulphur uptake may be enhanced by addition of high Se under low S 
conditions. Both S and N are significantly correlated to Zn, and Zn uptake can be increased even 
from the soil with adequate Zn supplies in combination with S and N. The Se uptake may depend 
on the plant available Se and therefore successful vegetative loading and remobilisation to the 
grain will depend on the additional and correct supply of Se, which could improve Se density in 
human diets via the food chain.  
The findings reported here indicate that S nutrition could play a role in improving nutrient uptake 
and have important implications for soil fertility management and fertiliser application in acidic, 
low N, S and Zn soils of Zambia in improving yield and nutrition quality of the grain. In maize, 
yield responses to N are more frequent than those of S fertilisation, but the central role of S and N 
in protein synthesis and efficient utilisation of N are cardinal in the improvement of quality of the 
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grain and yield. The nutrient loading in the vegetative tissue is essentially the basis for the 







Sulphur uptake and interaction with N, Se, Zn and yield responses in wheat 
5.1 Introduction 
This chapter will focus on S and Se as in the previous experiment S rate appeared to be an 
important influence on the uptake of Zn and Se. However, that experiment had effectively three 
treatments and there was a clear difference between the lack of additional S in the control and 
basal treatments and the two S treatments in terms of S concentration and there were interactions 
between the concentrations for S and the two micronutrients. Therefore, it was decided to use more 
rates of S to examine the response to S in more detail at two levels of Se while N and Zn were 
applied as basal nutrients in this study on wheat. 
The survey of grain from Zambia established the prevalence of low concentrations of S in maize 
and wheat grain grown in Zambia. This suggests that S deficiency could be limiting productivity 
as well as Se and Zn uptake, causing suboptimal S amino acid status in the population. However, 
comprehensive agronomic practices, including fertiliser application strategies aimed at enhancing 
nutrient concentration for human consumption have yet to be pursued in Zambia even though 
wheat production in the country is mainly grown by large commercial farms. 
Fertiliser applications aimed at improving grain nutrient concentration have also been reported to 
improve crop establishment when seed is sown in nutrient deficient soils (Ascher et al. 1994; 
Rengel and Graham 1995). In Zambia, most major soils are deficient in nutrients and S deficient 
areas are increasing (Tsuji et al. 2005). This trend is mostly as a result of an intensification of 
agriculture with greater use of improved, high yielding cultivars, a focus on N fertiliser as a means 
to increase yields and a greater use of high analysis fertilisers which are low in S. Consequently, 
nutrient exhaustion resulting in nutrient imbalances in the crop has occurred. Nitrogen fertiliser is 
applied regularly to crops in Zambia, but its efficiency could be hampered by lack of adequate S 
(Fazli et al. 2008). Therefore adequate S nutrition becomes necessary to achieve maximum 
efficiency of applied nitrogenous fertilisers. Sulphur nutrition in Zambian agriculture has not been 
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considered a major problem and the main emphasis is on N, P and K. This is despite strong 
relationships between S and N for crop growth and yield established in some studies (Jamal et al. 
2010; McGrath and Zhao 1996). However, the previous grain survey suggests that S should be 
included with the other macronutrients in fertiliser. 
Wheat yield increased linearly with N fertiliser rate in an S and N interaction study by Reneau et 
al. (1986). The low S and N levels in the maize and wheat grain in Zambia suggests that responses 
to S application are likely in the farming systems. The application of N fertiliser in these farming 
systems is still low. Indeed, the combined application of S and N was reported to have had the 
largest effect on the uptake and concentration of S and N and protein of grains and yield (Aulakh 
et al. 1980) and Randall et al (1981) observed that S application increased wheat S concentration 
more with low N treatment, but had only small effects on N concentration in the grain. Strong 
correlations between S and Zn and S and Se, linked to uptake mechanisms involving Zn and Se, 
have also been reported (McDonald and Mousavvi-Nik 2009; Mikkelsen and Wan 1990). 
Therefore, S nutrition may enhance not only yield but also S, Zn and Se concentration in the grain 
given that protein is a sink for Zn and Se. This is likely to improve the delivery of these nutrients 
to the population. However, given the deficient S situation in Zambian soils it may be necessary 
to manage S and Se effectively. This can be achieved by applying additional Se fertilisers as the 
need to apply S to overcome S deficiency may interfere with Se uptake. 
The results reported here will further help to understand the nutritional behaviour of S in relation 
to N, Se and Zn and inform balanced fertiliser recommendations in order to enhance yield and 





5.2 Materials and methods 
The experiment was conducted in the growth room with growing conditions the same as those 
described in Chapter 4. A different soil type was used in this experiment because of the high levels 
of Zn in the Echunga soil. Mt Compass soil was used in this experiment as preliminary experiments 
indicated it gave a greater response to Zn. The aim of the work was to assess the effects of S supply 
on the uptake of Zn and Se applied as a basal fertiliser. Mt Compass sand has been used extensively 
in studies in Zn deficiency (Genc et al. 2006). The soil is acidic and has inherently low fertility 
like most soils in Zambia. The chemical analysis of Mt. Compass sandy soil compared to a 
Zambian soil as outlined in Chapter 4 is presented in Table 5.1  
The experiment was a factorial combination of 4 levels of S x 2 levels of Se. The experiment was 
set up as a completely randomised design with four replications. The total amounts of S applied 
as CaSO4 were at the following levels: 0, 56 mg S/pot, 111 mg S/pot and 222 mg S /pot (equivalent 
to rates of 0, 20, 40 and 80kg S/ha) and the two Se levels included a low and high treatment at 2.4 
g Se/pot and 12 g Se/pot (3 and 15g Se/ha). A basal treatment comprised of 177.6 mg nitrogen 
as KNO3 (equivalent to 100 kg N/ha), 70.4 mg phosphorus in the form of Ca2 (H2PO4).H2O, (15 
kg P/ha), 80.7 mg MgCl2.6H20 (25 kg Mg/ha), 84.5 mg KNO3 (40 kg K/ha) was applied to all the 
treatments. Basal micronutrients were also applied to the pots, which consisted of 3.3 mg 
MnSO4.4H2O (1kg Mn/ha), 3.2 mg CuSO4.5H2O (1 kg Cu/ha), 4.6 mg H3BO3 (1 kg B/ha), 0.14 
mg Na2MoO4.H2O (0.1kg Mo/ha), 3.3 mg Fe2SO4.7H20 (2kg Fe/ha) and 2.5 mg ZnSO4.7H2O (2.5 
kg Zn/ha). The fertiliser rates used in this experiment represent normal commercial rates likely to 
be used in wheat production, whereas the low Se level represent an ideal level for grain agronomic 
biofortification and a high dose for comparison purposes based on the analysis in Lyons et al 
(2004). Before planting these nutrient solutions were homogeneously mixed through 3kg soil and 




Table 5.1. Characteristics of the soil used in the experiment compared with a soil from 
Zambia commonly used for wheat production. 
Soil Property Mt. CompassA Typical 
soil 
(Zambia) 
Texture Sandy Fine-loam 
Ammonium Nitrogen (mg/Kg) 1 47.0 
Nitrate Nitrogen mg/Kg 14 38.0 
Phosphorus Colwell mg/kg 5 29.8 
Potassium Colwell mg/Kg 26 3.0 
Sulphur mg /Kg 2.7 - 
DPTA Copper 0.21  
DTPA Zn mg/kg 0.4 0.4 
DTPA Iron (mg/kg) 35  
DTPA Manganese (mg/kg) 1.4 1.2 
 pH (H2O), 5.8 6.6 
pH (CaCl2) 5.0 5.5 
Organic carbon (%) 0.5 1.6 
Electrical conductivity (dS/m) 0.04 - 
A Source (Todd 2009) 
Five seeds of a very early-maturing bread wheat (Triticum aestivum L, variety Axe) were planted 
and thinned to 3 seedlings per pot a week after emergence. The plants were watered daily with 
deionised (18MOhms resistivity) water to maintain field capacity. The plants were harvested at 
maturity, 8 weeks after sowing and grain was threshed from the ears, counted and weighed to 
determine grain yield and its components, grain number and mean kernel weight. Samples were 
ground for analysis for nutrient concentration as outlined in Chapter 3 after being dried in an oven 
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for 48 hours. The nutrient analyses were done by Waite Analytical Services of the University of 
Adelaide according to the methods outlined in Wheal et al (2011). Analyses of S and other macro 
and micronutrients were performed using ICP-AES, N was analysed using the Dumas Combustion 
Technique using an Elementar total N analyser. Selenium was analysed using ICP-MS. Budgetary 
limitations meant that analysis of N and the other macro and micronutrients were conducted on 
composite samples to give two replicates for the ICP-AES and Elementar analyses. At each rate 
of S replicates 1 and 2 were combined as were replicates 3 and 4 to form the two replicate samples 
for analysis. In each case a 250 mg sample was weighed from each replicate and thoroughly mixed 
to form a 500 mg sample for each of the two composited replicates. The two replicates were further 
combined to give eight composite samples (4 S x 2 Se) on which the Se concentrations were 
measured. The nutrient measurements were checked by using certified standard reference 
materials. The results are presented in mg/kg or percentage units. The nutrient contents were 
obtained by multiplying the nutrient concentrations with the average values of the bulked grain 
yields. 
Data were analysed using standard ANOVA procedures and their significances were evaluated 
based on p<0.05 level using the LSD test in GenStat 14th edition. 
5.3 Results 
5.3.1 Grain yield and yield components 
There was a significant effect of S on growth (Appendix Table 5.1). Sulphur application 
significantly increased shoot biomass, number of ears, number of seeds and grain yield (Table 5.2). 
There was no significant S x Se interaction for any of the measurements. Growth and yield 
increased up to 20 kg S/ha with no significant increase at higher rates of S. The control treatment 





Table 5.2 Effects of S application on shoot biomass, grain yield and yield components. 
Values are means of four pot replicates each containing three plants, NS =not significant. 













0 7.9 5.4 2.9 84.6 34.3 
20 10.3 7.3 4.4 138.6 32.0 
40 10.4 6.8 4.3 124.4 34.2 
80 10.9 6.4 4.8 145.9 33.1 
LSD (P< 0.05) 1.4 1.5 1.4 40.0 NS 
 
At the 40 and 80 kg/ha S application, maturity was delayed by around 10 days. Although grain 
yield was significantly increased by S application, kernel weight was not and kernel weight tended 
to increase with lower grain numbers. 
There were no significant interactions between S and Se treatments on the grain yield and its 
components and the only significant effect of Se application was on numbers of ears per pot which 
significantly increased at the high Se treatment (Table 5.3). 
Table 5.3 Effect of Se treatments, NS =not significant. 

















3 9.8 6.1 4.3 118.1 36.3 
15 9.9 6.8 4.5 128.6 35.8 
LSD (P<0.05) NS 0.7 NS NS NS 
 
5.3.2. Grain nutrient concentrations 
There was no significant interaction of S and Se treatments on grain nutrient concentrations 
(Appendix Table 5.2), but the S and N concentrations were significantly affected by the S 
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application, while Zn concentration was not significantly affected (5.4). The Zn concentration in 
the grain was very high. This indicated that the Zn rate used in the experiment was more than 
adequate for plant growth. Increasing S application caused a decline in grain N concentration.  
Table 5.4. The effects of S treatments on S, N, Zn concentration and N:S ratio in wheat 
grain. Values are means of the bulked replications, NS not significant. 
S level (kg/ha) 
 









0 1118 3.0 65 26.9 
20 1368 2.4 53 17.7 
40 1630 2.5 62 15.4 
80 1518 2.3 55 14.8 
LSD (P<0.05) 244 0.4 NS 1.8 
Critical concentration 1200 2.0 23-30 16 
A Based on Reuter and Robinson 1997 
The concentrations of S, N and Zn were within adequate ranges except for S at S (0). The N:S ratio 
was significantly affected by S treatment and a decrease in the N:S as S rate increased (Table 5.4) 
was apparent. The N:S ratio, which is a reliable indicator of S deficiency, can be used to understand 
the S status of the crops (Stewart and Whitefield 1965). The N:S ratios indicated S deficiency in 
the control (S0) and moderate-low level in the S20 treatment and close to the critical concentration 
in the other two treatments (S40 and S80). 
The effects of the Se treatments on the concentration of S, N and Zn are indicated in Table 5.5.and 




Table 5.5. Effect of Se application on S, N and Zn concentrations in wheat grain. Values 
are means of bulked replicates NS = non-significant. 










3 1420 2.6 58 
15 1396 2.5 59 
LSD (P<0.05) NS NS NS 
 
5.3.3 Mineral content 
The effects of application of S on grain S, N and Zn contents are given in Table 5.6. Adding S 
significantly increased the S uptake but N uptake appears to be depressed with addition of 20 kg 
S/ha from the S deficient treatment (S0). The Zn uptake was not significantly affected by S 
application. 
Table 5.6. Effect of S treatment on the grain S, N and Zn content. All the values are means 
of the bulked pot replicates, NS =not significant. 
S level (kg/ha) Grain nutrient content (ng/seed) 
 S N Zn 
0 38.3 1026 2.2 
20 43.9 777 1.7 
40 55.8 862 2.1 
80 50.2 707 1.8 
LSD (P<0.05) 10.1 173.8 NS 
 
The effect of S on Se concentration is shown in Table 5.7. The Se concentration was based on a 
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bulked sample that formed only one replicate.  The analysis showed a reduction in Se  
 
Table 5.7. The effect of S on Se concentration at low and high Se supply to soil. Values are 
for composite samples from four replicates. 
S level 
(kg/ha) 
Grain Se concentration  
µg/kg 
3 g Se/ha 15 g Se/ha 
0 890 5000 
20 580 3900 
40 360 3100 
80 250 2300 
 
concentration with increasing S rate at both rates of Se. Though we added 5X the concentration of 
Se to the soil, the grain Se concentration increased by approximately 10X at the higher S treatments 
(40 and 80 kg S/ha). Relationships between nutrients were explored through correlation analysis 
(Table 5.8). A highly significant correlation between N and Zn concentration was observed 
whereas other associations were not significant. 
Table 5.8. Linear correlations between the concentrations of S with N and Zn in the wheat 
grain grown under different S levels. * - P< 0.05; NS= not-significant. 
Wheat S (n=16) Zn (n=16) Se (n=8) 
N NS 0.79* NS 








With the exception of the nutrients of interest presented in this study, a summary of the other 
nutrient concentrations, shown in Appendix Table 5.3, generally did not show deficient 
concentrations when compared to the critical concentrations in the grain (Reuter and Robinson 
1997). 
The results obtained in the study reported here demonstrate that S fertiliser can have marked effects 
on grain yield and grain nutrient concentrations as well as nutritional quality of wheat. Sulphur 
deficiency resulted in decreased S amino acids content in grain and accumulation of non-protein 
compounds such as amides (Faete et al. 2005; Mortensen and Eriksen 1994). The positive effect 
of S fertiliser on grain yield was essentially as a result of higher numbers of kernels per spike 
(Table 5.2) which could have been due to initiation of more spikelets and /or of a reduction in 
mortality of florets (Archer 1974). Large increases in seed yield from 2.9 g/pot to 4.4 g/pot, or a 
51 % increment, were obtained in response to S application of 20 kg S/ ha. Yield benefits of such 
scale indicate that S nutrition could play a role in increasing grain yield and protein quality due to 
higher S amino acids, (methionine and cysteine) and could be highly cost effective in S deficient 
areas if such response could be demonstrated in the field. A deficiency in S supply to crops lowers 
the utilisation of available soil N, consequently increasing nitrate leaching (Lakkineni and Abrol 
1994) especially on sandy soil texture. Sulphur also increased green leaf retention and it might 
reduce grain N by keeping the N in the leaves for longer. 
The concentrations of S in wheat grain increased with increasing S rate up to 40 kg S/ha but there 
was no further increase in the concentration with further application. The grain N was depressed 
compared to the control with addition of S, which appears to be due to other factors other than 
dilution effect as yield increased with addition of S, but N was reduced. A number of studies 
indicate a synergistic effect of combined application of S and N on the uptake of N and S in a 
number of crops (Jamal et al. 2010). Rabufeti and Kamprath (1977) reported that S and N 
fertilisation increased the percent total S in corn grain, but the same authors also indicate that S 
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addition however significantly increased the percent N in the grain at S rate of 112 kg/ha or above, 
but slightly depressed the N content when applied at 50 kg N/ha. This could suggest that S 
application increased the wheat grain S concentration more with low N treatment, but had only 
small effects on N concentration in the grain. The present data suggest that S reduced N in all the 
S treatments and had the greatest influence on the N:S ratio. The reduction in N: S with addition 
of S also is in good agreement with earlier findings that S addition decreased the N:S in wheat at 
maturity (De Reuiter and Martin 2001).  
The N:S ratio is often preferred over S concentration as a diagnostic criterion for S deficiency and 
a ratio of 16 as a criterion in the grain is reported (Stewart and Whitefield 1965). Thus, a ratio of 
above 16 indicates S supply is low relative to N or N supply is high relative to S, but the ratio 
alone does not tell whether supply of either nutrient is adequate, hence the use of both the ratio 
and concentration is preferred. The higher N content in the control could probably be attributed to 
S deficiency indicated by the N:S (Table 5.2). According to Zhao et al (1999), wheat grown in 
England rarely has N: S ratios exceeding 16 and there is an indication that N:S imbalance occurs 
at ratios greater than 16 and leads to yield reductions. This is consistent with the present results 
where S responses occurred when N:S ratio was greater than 16. In other studies, Janzen and 
Batteny (1984) while working with rapeseed found that maximum yields were obtained when both 
N and S were applied and the N:S ratio was in approximate balance. The ratio of total N content 
to total S content and protein S determine the degree of availability or deficiency of S in the protein 
(Jamal et al. 2010). An accumulation of N and S in the grain was reported by Lerner et al, (2006). 
These authors suggested that the amino acid composition of storage proteins changes with grain S 
concentration, under high S availability the synthesis and accumulation of S rich storage proteins 
is favoured at the expense of S-poor proteins. Consequently, compared to the grain S concentration 
of the samples from Zambia, similar nutrient concentrations in wheat could indicate that yield and 




In the case of Zn uptake, there are two genetic mechanisms governing Zn movement from the soil 
to grain, namely Zn uptake from the soil commonly termed Zn uptake efficiency and the other is 
mobilisation of this Zn to the grain. Although there is no genetic relationship between Zn 
efficiency and Zn grain concentration (Kalayci et al. 1999), previous analysis of grain mineral 
concentrations in which S concentration has been correlated with Zn concentration has inferred a 
link between S and Zn transport (McDonald and Mousavvi-Nik 2009). Such correlations did not 
occur in the current experiment (Table 5.8) and could be due to high Zn concentration in the grain. 
However, N and Zn were significantly positively associated. The correlations between grain N and 
S concentration was not significant and this is confirmed by wide variation in the N:S ratio in the 
grain ranging from 14 to 26. The absence of interactive effect between N and S observed indicated 
that both N and S contribute effectively in improving grain yield and quality, irrespective of the 
level of application. A similar finding also was reported by Ercoli et al. (2012). The correlations 
of S treatments on the concentrations of S, Se and Zn could indicate a positive influence on uptake 
and /or transport for both macro and micronutrient and increased density in the grain (Rengel et al. 
1999). This observation is very important and suggests that S application could also enhance the 
uptake and remobilisation of other macronutrients and micronutrients that were also deficient in 
the Zambian grain. 
Sulphur application reduced Se concentration in the wheat grain (Table 5.7). Therefore, 
application of gypsum and high S fertilisers at commercial rates is likely to reduce Se 
concentrations in the grain of wheat and it may be necessary to add Se to fertiliser to avoid this 
when S is applied (Lyons et al. 2004). The uptake of Se by plants and subsequently in the food 
chain is governed by many soil factors including the presence of ions such as SO4
2- and PO4
2-. The 
presence of abundant SO2-4 in the root zone typically reduces the Se concentration in the plants 
due to either antagonistic interaction between Se6+ and SO4
2- for plant uptake (Gissel-Nielsen 1979; 
Lyons et al. 2005; Wan et al. 1988), or in the case where S is added to deficient soils, may reflect 
a dilution of plant Se due to increased plant growth (Mikkelsen et al. 1989). However, there was 
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no correlation between S and Se concentration (Table 5.8). In the vegetative loading in maize and 
wheat grain biofortification experiments, reported in Chapter 4 and here respectively, both 
reductions and synergistic effects have been observed.  
From treatments in this experiment reported here, we were able to increase the grain concentration 
of Se to above the target of around 300 µg/kg (more than adequate) (Lyons et al. 2005) with the 
low Se treatment of 0.02 mg Se per kg. This indicates that enhancing the concentration of organic 
Se in the grain can increase the Se intake of animals and humans. An intake of up to 450µg Se/day 
(the Upper Tolerable Intake Level) is regarded as safe and is unlikely to be achieved through the 
dietary sources only (McKenzie et al. 1998). Only small amounts of fertilisation were required to 
raise the grain Se concentrations of wheat to acceptable concentrations which could be an easy, 
efficient and cost-effective method for increasing Se intakes. Indeed, field trials in neighbouring 
Malawi show approximately 300 µg/kg increase in maize with addition of approximately 15 g 
Se/ha (Chilimba et al. 2011). 
5.5 Conclusion 
Our results showed that S application may play a role in increasing yield of wheat. The increase 
in yield and concentration of S was consistently high, whereas N was significantly correlated to 
Zn, indicating that high yields and adequate nutrient concentrations may be achieved for 
agronomic biofortification. It is hoped that these results from the pot experiment can be used to 
produce crops of improved yields and nutrient concentrations on major soils that are deficient in 
S, Se and Zn in Zambia. Increased concentrations of Se and Zn are likely to have health benefits 
by increasing the consumption of Se and Zn in the general population. Further, these results may 
lead to improved efficiency of N fertilisers and make farming more profitable and attractive and 





General discussion and conclusion 
The major aims and objectives of the work described in this thesis were to establish the current 
status of N, S, Se and Zn concentrations in maize and wheat grain in Zambia as a means of 
identifying possible nutritional limiting factors to yield and enhanced grain nutrient concentrations. 
The other objectives were to investigate the influence of N and S nutrition on uptake of Se and Zn 
to achieve agronomic biofortification in a situation where deficiencies in S and Zn and low Se 
levels of Se are apparent. 
The surveys covering three zones and comprising grain samples showed that maize and wheat 
grain grown and consumed in Zambia generally is low to deficient in N, S, Se and Zn which infers 
there are large areas of Zambia deficient in plant-available N, S, Se and Zn. The high N:S ratio 
found in the grain suggests that N and S are out of balance possibly because of the focus on N 
nutrition in the past which may limit the effectiveness of N application. However, the N 
concentrations may still be improved. There is evidence from the experiments reported here and, 
in the literature, to suggest that improving S supply and application of small quantities of Se and 
Zn can lead to improvements in yield and in Se and Zn concentration in maize and wheat (Cakmak 
2008; Haug et al. 2008). Nitrogen fertiliser use efficiency may be improved by including S 
fertiliser in the fertiliser programme (Fernando et al 2009), while Se and Zn concentration may 
need to be intentionally added if both yield and nutrient concentrations are targeted for 
improvement. A response to S, Se and Zn application is expected given that N fertiliser use is 
already on the increase in the production of crops in Zambia. In addition to improving Zn 
concentration and intakes for the population, higher seed Zn content improves seedling vigour and 
early growth, especially where plant-available Zn in the soil is limited (Rengel and Graham 1995). 
In the past, yield and nutritional improvements of maize and wheat in Zambia have focused on the 
increased use of N fertiliser, and to a lesser extent P and K (Lungu and Dynoodt 2008). The use 
of N fertiliser as the major way of improving yield could lead to imbalances in nutrient uptake 
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which over time could lead to low production (Lungu and Dynoodt 2008). Most major soils in 
Zambia are reportedly deficient in plant-available Zn and seed with enhanced Zn content would 
be of great benefit. The same authors also indicated that sowing seed with high Zn content can 
help to overcome problems of insufficient Zn fertilisation, unreliable supplies of Zn fertiliser as 
well as spatial and temporal variability in Zn availability and have measurable benefits of better 
grain yield. The positive correlations between N and Zn, and N and S reported in the current work 
in improving yields and concentration would infer that these nutrients may need to be applied in 
appropriate balanced combinations. This should therefore be addressed in the grain production in 
Zambia. 
The ability to manage both S and Se becomes important, especially since both were identified as 
low in the survey and there is a commonly described negative interaction between S and Se in 
which high S can reduce Se uptake. However, both synergistic and antagonistic interactions have 
been reported between S and Se. Some work has suggested that S and Se enter plants through 
multiple transport pathways with contrasting selenate/sulphate selectivity, the activities of which 
vary between plants of contrasting nutritional status (White et al. 2004) and this could explain 
species and probably varietal differences in tolerance to Se toxicity. Wheat is reported to be more 
tolerant to Se phytotoxicity than many other crops (Lyons et al. 2004; Mikkelsen and Wan 1990). 
It is important therefore to elucidate the interactions between S and Se in order to ensure efficient 
delivery in nutrition programmes. The results reported here suggest that the interaction between S 
and Se can be complex with both negative and positive effects being evident depending on the Se 
and S concentration in the soil. Selenium concentrations were directly related to the Se rate applied. 
The addition of S where soil Se levels are low could have exacerbated low Se concentration in the 
grain, but a high Se concentration improved the uptake and concentration of S. White et al (2004) 
also reported that selenate promoted the uptake of sulphate a finding also observed in the results 
in Chapter 4, which suggest a synergistic relationship where Se increased S uptake at low S rates. 
Therefore, S and Se could be managed successfully to improve growth, crop yields and nutrient 
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concentrations in crops in Zambia. However, additional research is required in the field to 
understand further the interactions between S and Se fertiliser regimes before a complete 
explanation of the synergistic and antagonistic phenomenon can be given, across soils of variable 
fertility levels and to evaluate further the rates of S and Se required for maize grown to maturity.  
The N and Zn, S and Zn as well as the S and Se interactions are important in the agronomic 
biofortification of maize and wheat with Zn and Se. From both experiments described in Chapters 
4 and 5 it is clear that S and N are important factors in the uptake of Zn and Se and could be 
important in subsequent remobilisation to the grain. The supply of Zn as ZnSO4 ensured that S 
was supplied at the same time as Zn and could contribute to S concentration in the grain, but the 
amount of S supplied was low and only comprised a small proportion of the total S uptake. The 
positive effect of S fertiliser on grain nutritional quality may suggest the application of S fertiliser 
can be beneficial to grain N and Zn even in regions not deficient of soil S (Ercoli et al. 2012). 
Despite, relatively high soil fertility in the experiment with maize (Chapter 4), responses in growth 
and in nutrient concentration to added nutrients were measured. Photosynthesis and vegetative 
growth responded to additional N and S and even in soil where the background level of Zn was 
relatively high, increases in Zn concentration were obtained, depending on the supply of N and S. 
The results illustrate the importance of maintain a balanced nutrient programme to maximise the 
benefits of improvements in soil fertility and increase the effectiveness of agronomic 
biofortification. For example, increasing soil available Zn to overcome chronic Zn deficiency will 
be most effective if available N and S are also high. However, the results from the two pot 
experiments in the present study indicate that nutrient interactions are complex and can vary 
depending on the species and/or whether vegetative or yield responses are examined. For example, 
additional Zn+Se increased S uptake in vegetative tissue in maize but additional Se did not increase 
S in the seed of wheat (Chapter 5). This result could have been due to use of both different crop 
species and soils in the experiments. However, the other factors governing mobility of nutrients 
from the vegetative tissue to the grain may also influence the grain concentrations. Selenium added 
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as selenate is easily translocated in the plant and into the grain whereas the mobility of S in the 
plant varies with N supply and may dependent on the constant uptake from the soil in addition to 
remobilisation, so a continuous supply of S is needed from emergence to crop maturity as S 
deficiency at any stage of growth can lead to reduced yields (Zhao et al. 2008). To enhance the 
effectiveness of biofortification programmes further studies will be required to characterise the 
nature of these interactions and to assess whether the types of responses observed under controlled 
conditions are reproduced in the field. 
Two experiments were conducted using different species and examined different aspects of growth 
and consequently the results are not directly comparable. Nevertheless, it was decided to examine 
responses in maize and wheat to complement the results from the field survey and to investigate 
whether there were common responses under different conditions. It would be beneficial to grow 
maize to maturity to examine nutrient loading into the grain, while using a short season wheat 
variety allowed grain nutrient responses to be examined. The two soils used in the experiments 
also meant that results could have been influenced by different nutrient availabilities to plants in 
the soil. This could have contributed to the noticeable Zn effect on S uptake observed in the 
vegetative loading experiment but was not apparent in the wheat grain experiment. The Zn 
concentrations measured in the seed were high and above those normally measured in commercial 
crops. Despite this there was still a significant positive correlation between grain N and Zn 
concentrations, suggesting that interactions between Zn and N can occur over quite a wide range 
of Zn supplies. While there was variation in experimental conditions between the two experiments, 
there were some consistent results as well in the work reported here which shows positive 
interactions between N and Zn, S and Zn concentrations in both experiments and so it can be 
argued that adding N and S may enhance Zn uptake. 
For Zambia in particular and SSA in general, there are a number of useful outcomes resulting from 
this study. There is an urgent need to address micronutrient deficiencies given that they affect a 
large segment of the population and levels of infectious diseases are high. Sulphur deficiency needs 
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to be addressed as S can limit the success of agronomic biofortification of staple crops with Se and 
Zn. The results obtained in the vegetative loading of nutrients in maize (Chapter 4) with the control 
and basal treatments provides evidence to the effect that S deficient plants were low in Zn and less 
responsive to Zn, even though the soil test suggested that there was adequate Zn. It would appear 
that low S can therefore restrict ability to utilise soil Zn. Sulphur is one of the essential nutrients 
for plant growth with crop requirements similar to phosphorus. This element has received little 
attention for many years because fertilisers and atmospheric inputs (in mining and industrial areas) 
supplied the soil with adequate amounts of S. Now areas of S deficiency are becoming widespread 
throughout the world (Ercoli et al. 2012) and SSA is not an exception. In many western countries 
it has been associated with overcoming air pollution, but in SSA it is more related to decline in 
soil fertility. This is mainly caused by the use of high analysis-low S fertiliser, high yielding 
varieties and intensive agriculture and declining use of S containing fungicides (Scherer 2001).  
An insufficient S supply can affect yield and quality of the crops, caused by the S requirement for 
protein and enzyme synthesis as well as it being a constituent of the amino acids; methionine, 
cystine and cysteine. Low yields and poor protein quality are expected to impact negatively on the 
health of the general population. Generally agronomic biofortification programmes (mainly with 
Zn) have focussed on the use of N (Cakmak 2008; Kutman et al. 2011), but the current work 
suggests that S is also important and may have been overlooked as a limitation. A possible reason 
may be that many of the previous biofortification trials have been done in collaboration with 
participating research institutions on research stations where background levels of fertility would 
generally be higher than farmers’ fields so S deficiency may not show up as a problem. 
Efforts aimed at mapping S, Se and Zn deficiency in SSA can be much more effective when 
stakeholders from various backgrounds are involved, such as soil, plant, animal and human 
nutritional scientists, Ministries of Health and Agriculture, agriculture research institutes, and 
national and international NGOs that strive to alleviate malnutrition. Projects like the long-term 
Zn fertiliser project which is currently underway in neighbouring Malawi, with the main objectives 
95 
 
of increasing yield and improving human health through increased consumption of Zn fortified 
crops (Zinc Nutrient Initiative 2012), could have important outcomes for the entire region as 
preliminary results reveal that after the first season of Zn fertilisation significant increases in maize 
yield and in Zn concentration occurred. In both Malawi and Zambia, the national governments are 
already supporting the farming communities with subsidised agricultural inputs that include seed 
and N, P, K fertilisers, and including Se and Zn in these programmes could have a positive impact 
on the health of the general population. In Zambia, initially the programme supported maize only 
but it has now been expanded to include other crops like sorghum, rice and millets normally 
produced for food security. Agronomic biofortification of cereal crops with Se and Zn could be an 
inexpensive and relatively easy way of improving yields and the nutritive value of food crops 
produced and consumed in the region. 
Finally, the information presented in this thesis may have immediate application to the farming 
community and researchers seeking to improve the yields and nutrient concentration of staple food 
crops. However, further work is needed for detailed surveys to document the extent and degree of 
S deficiency in Zambia. Further, education on the importance of increasing Se and Zn 
concentrations and support in terms of the provision of mixed fertilisers that would include Se and 
Zn for the successful agronomic biofortification of staple food crops is required. That involves 
policy on the part of the national government and implies committing financial resources to this 
cause. Therefore, future work would include: 
 Broadened and more systematic studies in order to draw definite conclusions on the status 
of micronutrients in the soils, staple crops and the general population in Zambia. This could include 
mapping areas of deficiency, further grain surveys and obtaining data on the Se and Zn status in 
the population. 
 Addressing S deficiency and promoting Se and Zn fertiliser application into the farming 
systems as way of enhancing grain concentrations and combating micronutrient deficiencies in the 
population and improving yields of the staple crops. This could include other food crops 
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commonly consumed by the population so as to expand sources of micronutrients. It would be 
important also to do on-farm trials involving N and S and micronutrients to examine the 
interactions. 
 Collaboration with other stakeholders as the problems of S, Se and Zn deficiency in the 
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Appendix Table 3.1: Sample of the questionnaire used in the survey of Zambian maize and 
wheat 
THE UNIVERSITY OF ADELAIDE 
SCHOOL OF AGRICULTURE, FOOD AND WINE 
CROP SURVEY QUESTIONNAIRE 
1. Basic information 
Location of farm………………. 
















Has lime been applied?................................. 
If yes Rate and when last applied....................... 
Use of crop residues: 
Use of legume trees/shrubs (e.g. Gliricidia, pigeon pea)?................................. 
Use of intercropping (e.g. maize + beans, cowpea)?........................... 
3. Soil Type…………………………………… 
Texture……………………………………… 
pH…………………………………………….. 
Rating of soil structure: 1. very good; 2. Good;   3. Poor;   4. Very bad 
4. Climatic data 
Rainfall received over past season/year…………………………… 
Temperature……………………………….. 




No. of bags harvested (50kg)…………………….. 
6. Farmer perceptions 
How does the farmer rate his maize yields 
Above average;   2. Average;   3. Below average 
Over the past 5 years have the yields of the farm’s maize crops 
Improved;      2. Stayed the same;    3. Declined 
What does the farmer consider the main limiting factors to crop yields? Rank these from 1 (most 
important) to 7 (least important) 






Availability of fertiliser 






Appendix Table 3.2a. The mineral concentration of Iron (Fe) Manganese (Mn), copper (Cu), 
Calcium (Ca) Magnesium (Mg), Potassium (K) and Phosphorus (P) in maize samples from the 

















2 Maize 20 8.5 2.1 46 1290 3800 3500 
2 Maize 15 4.2 1.5 32 860 3100 2000 
2 Maize 14 3.4 1.2 30 970 3300 2400 
3 Maize 24 4.6 1.2 24 970 3100 2600 
2 Maize 13 3.8 1.1 32 940 3200 2500 
2 Maize 13 7.1 1.7 47 920 3600 2500 
2 Maize 18 5.8 1.5 43 1070 3700 3200 
2 Maize 16 4.9 2.0 48 900 2800 2500 
3 Maize 15 5.2 1.1 22 860 2800 2200 
3 Maize 16 3.0 1.2 20 900 3200 2600 
3 Maize 15 5.5 1.5 22 980 3200 2600 
3 Maize 15 4.5 1.2 18 920 3500 2500 
2 Maize 16 5.8 1.6 33 1260 3900 3700 
2 Maize 16 6.8 1.3 58 1390 4100 3800 
2 Maize 15 7.5 1.0 43 1200 3600 3400 
1 Maize 20 4.2 2.2 26 1200 4300 3400 
1 Maize 15 5.0 2.0 43 840 3200 2100 
1 Maize 18 5.0 1.4 51 930 3100 2400 
1 Maize 20 5.3 2.2 33 930 3100 2100 
1 Maize 15 6.3 1.8 45 890 2400 1920 
2 Maize 16 5.2 1.4 40 1080 3000 2900 
2 Maize 14 4.8 2.0 42 910 2700 2100 
2 Maize 15 5.6 1.5 31 1090 3100 2800 
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2 Maize 13 3.6 1.6 30 890 3500 2200 
2 Maize 16 3.4 2.2 29 930 3600 2800 
2 Maize 17 5.7 2.2 51 1010 3600 2300 
2 Maize 17 4.2 2.6 34 870 3100 2000 
2 Maize 16 8.0 2.5 37 1140 3200 3200 
2 Maize 15 4.0 1.2 30 850 2900 2300 
2 Maize 19 4.1 1.6 26 1000 3200 2500 
2 Maize 15 6.3 1.2 30 1050 3200 2900 
2 Maize 14 5.0 1.6 43 1060 3100 2700 
2 Maize 16 3.6 2.3 29 960 3000 2600 
2 Maize 18 4.1 1.9 43 920 3100 2400 
2 Maize 16 4.6 2.0 47 1230 3800 2700 
2 Maize 13 2.7 0.9 37 1010 3800 2500 
2 Maize 23 5.8 1.6 28 1130 3500 3100 
2 Maize 20 5.7 1.7 52 1020 3100 2600 
2 Maize 17 5.1 1.8 33 970 3300 2800 
2 Maize 23 5.1 2.0 49 910 2800 1870 
2 Maize 19 5.6 1.6 46 1030 3100 2600 
2 Maize 20 5.2 2.0 45 920 3100 2300 
2 Maize 16 5.1 1.4 34 1010 3600 3100 
2 Maize 19 4.7 1.6 72 1140 3300 2900 
2 Maize 18 5.3 1.4 76 1170 3600 3300 
2 Maize 16 3.9 1.7 41 890 3400 2500 
2 Maize 17 5.3 1.7 56 940 3300 2300 
2 Maize 14 5.0 1.7 38 950 3000 2400 
2 Maize 20 7.9 2.0 50 950 2700 2400 
2 Maize 18 6.2 1.7 42 1010 3100 2900 
2 Maize 20 6.0 1.8 62 1060 3500 2900 
2 Maize 19 6.7 1.7 40 1030 3800 2800 
2 Maize 18 5.2 1.8 44 1080 3500 3000 
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2 Maize 11 4.2 1.7 55 1050 3200 2500 
2 Maize 17 5.7 2.3 58 950 3200 2200 
1 Maize 21 7.3 2.1 49 1260 3700 3200 
1 Maize 16 4.7 1.8 43 870 2800 2100 
1 Maize 20 6.4 1.9 45 1150 3500 3000 
1 Maize 18 5.7 1.8 46 1190 3600 3300 
2 Maize 20 5.4 1.6 43 920 3200 2400 
3 Maize 20 5.5 1.5 50 910 3100 2300 
3 Maize 17 5.8 1.7 63 1020 3200 2500 
2 Maize 18 4.5 1.9 44 910 3500 2600 
2 Maize 21 5.2 1.9 38 870 2800 1810 
1 Maize 18 3.5 1.7 71 980 3200 2500 
1 Maize 15 4.8 1.9 38 850 3100 2300 
2 Maize 18 5.2 2.1 75 1010 2900 2400 
Critical conc. - 5.0 - - - 3600 2900 
 
Appendix Table 3.2b. The mineral concentration of Iron (Fe) Manganese (Mn), copper (Cu), 
Calcium (Ca) Magnesium (Mg), Potassium (K) and Phosphorus (P) in the wheat samples from 

















2 Wheat 29 28 3.2 390 1480 4400 3900 
2 Wheat 28 36 3.0 390 1440 4400 3800 
2 Wheat 51 53 3.5 440 1330 4300 3400 
2 Wheat 35 61 2.8 500 1260 4100 3400 
2 Wheat 26 30.000 3.8 520 1400 4400 4000 
2 Wheat 30 34.000 3.5 490 1340 3700 3000 
Critical conc. - 19.4 1.2 - - 4700 3700 
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Appendix Table 4.1. Summary of analysis of variance photosynthesis rate, transpiration, 
stomatal conductance and transpiration efficiency. 
Source of variation d.f Mean squares 







Fertiliser 2 54.32*** 0.744** 14.31* 0.945* 
Fertiliser.N 1 150.98*** 1.541** 32.83** 2.000 
Fertiliser.S 1 8.70 0.068 2.57 0.001 
Fertiliser.Zn+Se 1 0.10 0.649* 12.72*῭ 2.375 
Fertiliser.N.S 1 13.91 0.290 6.41 0.812 
Fertiliser.N.Zn+Se 1 3.35 0.276 8.52† 2.680 
Fertiliser.S.Zn+Se 1 7.90 0.250 5.92 0.278 
Fertiliser.N.S.Zn+Se 1 15.93 0.434 9.65 0.026 
Residual 43 4.27 0.139 2.993 0.893 






Appendix Table 4.2 Summary of the analysis of variance for water use, water use efficiency, 
plant height and shoot dry mater. 
Source of variation d.f Mean squares 
  Total water 
use (X10-2) 
WUE Plant height Shoot dry 
matter 
Fertiliser 2 75.88** 3.269 0.159 9.169*** 
Fertiliser.N 1 4.72 4.060 0.23 2.12 
Fertiliser.S 1 8.70 0.016 0.003 0.469 
Fertiliser.Zn+Se 1 3.56 0.420 4.815 0.025 
Fertiliser.N.S 1 14.74 0.282 3.190 0.047 
Fertiliser.N.Zn+Se 1 4.95 5.122† 4.378 3.111* 
Fertiliser.S.Zn+Se 1 22.68 2.769 9.690* 0.144 
Fertiliser.N.S.Zn+Se 1 38.41 8.239* 0.211 1.771 
Residual 20 12.85 1.605 1.965 0.567 










Appendix Table 4.3. Average concentrations of nutrients in whole shoots of maize grown for 28 
days and the corresponding critical values and the coefficient of variation for the mean. Values 
for concentrations are shown as the mean±SEM. 
Nutrient Mean Critical value Coefficient of 
variation 
(%) 
Calcium (mg/kg) 3625±371 2500 10.2 
Magnesium (mg/kg) 3285±461 1500 14.1 
Phosphorus (mg/kg) 3525±401 2900 11.4 
Potassium (%) 3.1±0.82 2.18 26.4 
Copper (mg/kg) 3.1±0.43 5-20 14.1 











Appendix Table 4.4 Summary of the analyses of variance of the concentrations of N, S, N:S 
ratio, Zn and Se concentration in whole shoot of maize. 
Source of variation d.f Mean square 




N:S ratio Zinc Selenium 
Fertiliser 2 11.87 13.36*** 52.22*** 29.32 554.7*** 
Fertiliser.N 1 1.54 0.02 0.23 5.33 47.82* 
Fertiliser.S 1 19.55 2.33 0.13 39.57 113.8** 
Fertiliser.Zn+Se 1 3.65 47.88*** 81.05*** 11.44 4280.50*** 
Fertiliser.N.S 1 3.07 1.52 1.63 0.11 132.10** 
Fertiliser.N.Zn+Se 1 46.74* 0.56 5.70 12.20 76.53* 
Fertiliser.S.Zn+Se 1 2.00 0.04 0.29 0.01 77.57* 
Fertiliser.N.S.Zn+Se 1 13.07 0.07 3.86 8.39 91.95* 
Residual 10 6.76 1.14 3.14 13.27 13.16 
CV (%)  15.9 18.2 17.9 19.9 24.2 
 




d.f Mean squares 










Sulphur 3 7.3* 2.5* 2988.5* 2617.5* 4.8 
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Selenium 1 0.1 2.3 441.0 62.5 2.2 
Sulphur. 
Selenium 
3 0.6 0.5 272.1 100.8 2.2 
Residual 8 1.3 0.8 599.0 755 4.9 
CV (%)  11.4 14.3 19.8 21.3 6.6 
 
Appendix Table 5.2 Summary of the analysis of variances for the grain S, N, N:S ratio and Zn 
concentration of wheat grain. 
Sourec of variation d.f Mean square 




Zn N: S ratio 
Sulphur 3 1.96* 0.4* 124.7 126.0*** 
Selenium 1 0.02 0.01 3.6 0.13 
Sulphur. Selenium 3 0.13 0.02 23.0 0.13 
Residuals 8 0.22 0.06 87.5 1.18 
CV (%)  10.6 9.9 16.0 5.8 
 
Appendix Table 5.3. Average concentrations of nutrients in wheat grain and the corresponding 
critical values and the coefficient of variation for the mean. Values for concentrations are shown 
as the mean±SEM. 





Iron (mg/kg) 35±3.6 - 11.9 
Manganese (mg/kg) 65±5.2 19.4 6.9 
Copper (mg/kg) 2±0.3 1.0 15.4 
Molybdenum (mg/kg) 6±3.1 <0.1 28.7 
Calcium (mg/kg) 277±37.0 - 7.2 
Magnesium (mg/kg) 1496±76.5 - 5.1 
Potassium (mg/kg) 5238±885.3 4100 6.0 
Phosphorus (mg/kg) 4544±340.5 2200 2.8 
 
